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Summary 

Human activities have altered global nitrogen (N) deposition and fixation through 

fossil fuel combustion, the use of fertilizers, and increases in N-fixing agricultural crops. 

Mycorrhizal fungi make up a large part of the microbial biomass in terrestrial ecosystems 

and play a pivotal role in plant carbon and nutrient balance, supplying nutrients, 

including nitrogen, to host plants in exchange for carbon. This mycorrhizal symbiosis 

could therefore be influenced by changes in nitrogen deposition, which in turn could alter 

not only nutrient cycling, but also carbon cycling within an ecosystem. 

The main goal of my study was to assess changes in the functioning of arbuscular 

mycorrhizal fungi (AMF) in an ecosystem exposed to elevated levels of nitrogen. This 

was addressed using four established long term research sites looking at the effects of 

altered N-availability in northern hardwood forests dominated by sugar maple (Acer 

saccharum). Sugar maple belongs to one of the few dominant north temperate tree genera 

that form a symbiotic relationship with arbuscular mycorrhizal fungi (AMF), and forms 

extensive stands in northern temperate biomes.  

The first objective was to gain basic knowledge of changes in AMF presence with N 

addition in northern hardwood forests. This was addressed by estimating the AMF 

abundance within the roots of the dominant tree species, sugar maple. The abundance 

was measured using a traditional root staining technique with ocular estimation, as well 

as analyzing roots for the AMF indicator fatty acid 16:1ω5c in phospholipid (biomass 

indicator) and neutral lipid (lipid storage indicator) fractions. AM fungal biomass, storage 

structures and lipid storage declined in response to N addition measured by both methods. 

This pattern was found when AM response was characterized as colonization intensity, 

on an areal basis and in proportion to maple aboveground biomass. The phospholipid 

fraction of the fatty acid 16:1ω5c was positively correlated with total AMF colonization 

and the neutral lipid fraction with vesicle colonization. The fatty acid (phospho- and 

neutral lipid fraction) 16:1ω5c was found to be a good indicator for AMF active biomass 

and stored energy, respectively.  
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The observed decrease in AMF abundance in roots could be associated with 1) a 

decrease in all species present, 2) a change in relative abundance of the associated 

species, or 3) a complete change in community composition. My second objective 

therefore was to identify the AMF species present within the roots and their diversity 

among treatments. I performed molecular DNA-based AMF community analyses on 

maple roots targeting the 18S rDNA region using fungal specific primers. Changes in the 

AMF community composition were observed with N-amendment, and effects on AMF 

species diversity differed among sites. Over 80% of all the AMF clones present in the 

roots were represented by seven dominant OTU’s (Operational Taxonomic Units). Some 

of the OTU’s declined in response to N-amendment, some increased and a few were 

unaffected by N-amendment. Other studies on AMF species have found that some AMF 

taxa that are abundant at high N-levels are less beneficial or even detrimental to the host 

plant, which is reflected through decreased nutrient uptake efficiency or an increased 

carbon cost for the host plant.  

The actual nutrient uptake in a mycorrhizal system takes place in the extraradical 

mycelium of AMF. Hence, when studying nutrient cycling within ecosystems, the 

function of both the intra- and extraradical AMF are of importance. My third objective 

therefore was to study the effects of N-amendment on both intra- and extraradical AMF 

biomass simultaneously including the rest of the microbial biomass within the soil. Root 

and soil samples, taken as paired samples, were analyzed for phospho- and neutral lipid 

fatty acids (PLFA and NLFA). Intra- and extraradical AMF biomass were decreased 

equally by N-amendment as measured by AMF indicator fatty acid 16:1ω5c. 

Furthermore, total microbial biomass decreased and a change in microbial community 

composition was found under N-amendment. The composition change was dominated by 

a decrease in fungal to bacterial biomass ratios. The largest portion of AMF biomass 

within our system was represented by extraradical mycelium (ERM). Other studies have 

estimated ERM provides up to 30% of the total microbial biomass. ERM have a 

substantial amount of photosynthetically derived carbon flowing through them, thus the 

observed changes in ERM biomass could greatly influence soil respiration.  
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Therefore my fourth and last objective was to estimate the production and respiration 

rate of AMF extraradical mycelium biomass. Hyphal in-growth bags were designed that 

would allow ERM but no root colonization and minimize ERM of saprotrophic fungi, by 

using mesh of 50µm and sand without organic matter content, respectively. Bags were 

buried in the soil for one growing season to allow colonization of ERM and measured for 

CO2 flux at harvest at the end of the growing season. A similar mean reduction of AMF 

extra-radical biomass with N-amendment was found using the in-growth bags compared 

to the soil PLFA 16:1ω5c measurements. Hyphal in-growth bag CO2 flux was not 

significantly decreased by N-amendment, but a trend was seen at two sites, and an 

average decrease of 7% was found. However, hyphal in-growth bags CO2 flux was 

positively related to hyphal biomass, which suggests that AMF hyphal CO2 flux is mainly 

controlled by the biomass of AMF mycelium. 

In conclusion, increased chronic nitrogen deposition as simulated by long term N-

amendment had a negative effect on both intra- and extraradical AMF biomass, total 

microbial biomass, fungal to bacterial biomass ratio, and AMF CO2 efflux in a northern 

hardwood forest dominated by sugar maple. The observed decrease in AMF abundance 

correlated with a decrease in AMF CO2 flux suggests reduced carbon (C) allocation to 

these fungi or a direct soil N-mediated decline. The decrease in fungal to bacterial 

biomass ratio could have been caused by a change in organic matter quality, specifically 

a decrease in C:N ratio, which has been observed in the litter at our sites. The decrease in 

overall microbial biomass could have negative effects on soil organic matter 

decomposition. Consistent with this, a decreased rate of organic matter decomposition 

has been observed at our study sites. Furthermore N-amendment changed intraradical 

AMF community composition, with some taxa increasing while others decreased in 

abundance with N-amendment. Given that functional diversity exists among AMF 

species, this change in community composition could have implications for the 

functioning of this type of ecosystem. Our observed decrease in AMF and microbial 

biomass together with changes in intraradical AMF and soil microbial community 

composition with N-amendment thus has the potential to substantially change both 

nutrient and carbon cycling within northern hardwood forests. Further investigations 
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should focus on effects of additional environmental variables on the AMF biomass and 

community composition, such as foliar nutrient content. These analyses could reveal 

some indirect effects of increased N-amendment and could be useful for the creation of 

models predicting changes in fungal biomass and communities and plant-fungal 

relationships. 
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Chapter 1 Decline of arbuscular mycorrhizal fungi in northern hardwood 

forests exposed to chronic nitrogen additions 

 

Summary 

Arbuscular mycorrhizal (AM) fungi are important belowground carbon (C) sinks that 

can be sensitive to increased nitrogen (N) availability. The abundance of AM fungi was 

estimated in maple (Acer spp.) fine roots following more than a decade of experimental 

additions of N designed to simulate chronic atmospheric N deposition. Abundance of AM 

fungi was measured by staining and ocular estimation, as well as by analyzing for the 

AMF indicator fatty acid 16:1ω5c in phospholipid (biomass indicator) and neutral lipid 

(lipid storage indicator) fractions. AM fungal biomass, storage structures and lipid 

storage declined in response to N addition measured by both methods. This pattern was 

found when AM response was characterized as colonization intensity, on an areal basis 

and in proportion to maple aboveground biomass. The phospholipid fraction of the fatty 

acid 16:1ω5c was positively correlated with total AMF colonization and the neutral lipid 

fraction with vesicle colonization. Decreased AMF abundance with simulated N 

deposition suggests reduced C allocation to these fungi or a direct soil N-mediated 

decline. The fatty acid (phospho- and neutral lipid fraction) 16:1ω5c was found to be a 

good indicator for AMF active biomass and stored energy, respectively. 

 

Introduction 

Human activities have dramatically increased atmospheric nitrogen (N) deposition 

across large regions of the world, and rates of atmospheric N deposition are still 

increasing (Galloway et al., 1994; Vitousek et al., 1997). Deposition rates can exceed 75 

kg N ha-1 yr-1 in regions downwind of large industrial complexes or intensive 

agriculture in the U.S. and Europe (Dise & Wright, 1995; Cunha et al., 2002). Within the 

U.S., the northeastern region is the area with the highest rates of N deposition, with rates 
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routinely exceeding 10 kg N ha
-1

 yr
-1

 (NADP, 2006). Atmospheric N deposition can 

significantly impact natural ecosystems by increasing acidification and eutrophication, 

leading to a decrease in biodiversity and altered ecosystem function (Vitousek et al., 

1997).  

Mycorrhizal fungi make up a large part of the microbial biomass in terrestrial 

ecosystems and are important suppliers of nutrients to plants, especially in nutrient-poor 

environments such as boreal and temperate forests (Smith & Read, 1997). Increasing 

amounts of N deposition could therefore have a potential effect on the presence and 

functioning of mycorrhizal fungi. Increased atmospheric N deposition generally has a 

negative effect on the abundance of mycorrhizal fungi (Wallenda & Kottke, 1998; 

Treseder, 2004). However, most studies in temperate forests have involved 

ectomycorrhizal fungi. Arbuscular mycorrhizal (AM) fungal abundance in temperate 

deciduous forests has been examined in only two multi-year N-fertilization studies 

(Hutchinson et al., 1998; Lansing, 2003) with a range of results reported for different tree 

species. Both of these studies used N addition levels much higher than anthropogenic 

atmospheric N deposition and were carried out for a maximum of four years, so there is a 

need for investigations covering longer periods at realistic deposition levels. 

The Michigan Gradient Study offers a rare opportunity to study the long-term effects 

of altered N-availability on AM fungi (AMF) in the roots of maple trees (Acer spp.). This 

study has applied experimentally simulated N deposition since 1994 to Acer saccharum 

(sugar maple) dominated hardwood forests. Sugar maple belongs to a dominant temperate 

tree genus forming a symbiotic relationship solely with AM fungi. Previous results in this 

study have shown a change in stand-level C allocation across sites. Of particular interest 

in the present context, N-amended plots showed decreased soil respiration (Burton et al., 

2004) not explained by changes in root biomass or root respiration (Burton et al., 2004) 

or microbial biomass or microbial respiration in the mineral soil (Zak et al., 2006). 

Therefore the present study focuses on the intraradical response of AM fungi, which can 

be direct recipients of a significant fraction of NPP and are known to be responsive to N 

inputs. The abundance of extraradical hyphae, the other active pool, will be addressed in 

a subsequent study. 
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The abundance of AM fungi has traditionally been quantified microscopically using 

stained roots (% root colonization), estimation of extraradical hyphal length and/or spore 

counts. These techniques are time consuming and can be subjective; they also do not 

provide reliable estimates of living biomass (Allison & Miller, 2004). Fatty acid 

(phospho- and neutral lipids) analysis has recently been used to quantify AM fungi. AM 

fungi have a much higher level of the fatty acid 16:1ω5c compared to other fungi and this 

fatty acid is not present in plant cells. It has been successfully used as an indicator of 

AMF abundance within both soil and plant roots (Olsson, 1999; Olsson & Johansen, 

2000). The phospholipid (PLFA) 16:1ω5c has been found to be a good measure of live 

AMF biomass (hyphae, arbuscules, coils & vesicles) and the neutral lipid (NLFA) 

16:1ω5c measures stored lipids within AMF storage structures such as vesicles and 

spores (Olsson, 1999). 

The first objective of the present study was to examine the potential effects of 

realistic levels of simulated N deposition over 12 years on the abundance of AM fungi in 

the roots of maples. We hypothesized that the abundance and energy storage of AM fungi 

and host proportional allocation to intraradical AM fungi would decline in response to N-

addition, which could explain the observed decline in soil respiration across the sites. The 

second objective was to perform a comparison between traditional staining and lipid 

analysis techniques. Specifically, we compared the percentage of roots colonized by 

stained AM fungi and the concentration of PLFA 16:1ω5c as estimators of total AM 

fungal root colonization; and number of vesicles vs. NLFA 16:1ω5c as estimators of 

AMF stored energy. 

 

Materials and methods 

Site description and sampling 

The Michigan Gradient Study consists of four study sites located in sugar maple 

dominated forests throughout Michigan, USA (Fig. 1). Sugar maple accounts for more 

than 80% of the total stand basal area at these sites (Pregitzer et al., 2004). Each site 

consists of six 30x30 m plots, with three plots at each study site receiving N amendment 
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and the other three untreated. N-additions have been applied annually as six 5 kg N 

increments of NaNO3 during the growing season since 1994, for a total of 30 kg N ha-1 

yr-1. Ambient N deposition at these sites in 2004 ranged from 4.8 kg N ha-1 yr-1 at the 

northernmost site to 8.3 kg N ha-1 yr-1 at the southernmost sites (NADP, 2006). From 

north to south along the gradient the mean annual temperature increases from 4.8 ºC to 

7.6 ºC, with a concurrent increase in the length of the growing season. Soil development, 

stand age and plant composition are similar among the sites. More detailed information 

on the sites can be found in Burton et al. (1991).  

All the plots were divided into six equally sized subplots (10x15m) for soil sampling. 

One soil core, 2 cm diameter and 10 cm deep, was taken randomly in each subplot in July 

and October 2005. Each soil core was washed through a 2mm and 1mm screen until most 

soil particles were washed out. The remaining roots in both screens were handpicked for 

maple roots, easily recognized by their unique beaded structure (Pregitzer et al., 2002). 

Because the distinction between red maple (Acer rubrum) and sugar maple roots can not 

be made easily, some samples might contain minor quantities of red maple roots. 

However, the percentage of red maple in the plots averaged only 7% of the total basal 

area and there were no differences between treatments in the percentage of red maple. 

After sorting, the roots were cleaned from residual soil particles by sonication for 5 

minutes. After cleaning, all maple roots were scanned (HP Scanjet ADT 6300C series) 

for further specific root length analysis (cm g-1 root; WinRhizo Pro 2005b, Regent 

instruments Inc.). The maple roots were divided into two diameter classes, fine roots (≤ 

0.5 mm) and larger roots (> 0.5mm), and root weights were recorded for both diameter 

classes. In each core the maple fine roots were divided into three subsamples. One 

subsample was frozen and freeze-dried (Labconco, freezone 4.5) for molecular 

community analysis (not discussed in this paper), and the other two subsamples were 

each composited at the plot level to be used in AM fungal colonization and lipid analyses.  



 13

AM fungal colonization 

The first composite sample was used to measure the AMF colonization of maple 

roots using a trypan blue (TB) staining technique after Koske & Gemma (1989). 

Approximately 0.25 gram of fresh roots were placed in a 10 % KOH solution and heated 

to 90 °C using a water bath until sufficiently cleared. To increase uptake of the staining 

solution, the cleared roots were slightly acidified by submerging them in an HCl (0.5N) 

solution for 5 min. The roots were then stained overnight in a TB solution (0.6 gram TB 

in 1l of 1:2:2 (v:v:v) lactic acid: glycerol: deionized water). To remove excess stain the 

roots were first rinsed in deionized water and destained in a 1:2:2 (v:v:v) lactic acid: 

glycerol: deionized water solution.  

Stained roots were permanently mounted on microscope slides in three parallel rows 

with polyvinyl alcohol-lactoglycerol (PVLG) and colonization was measured at 200x 

magnification using the line intersect method of McGonigle et al. (1990). Three slides 

were analyzed per sample measuring AM fungal colonization at 50 intersects per slide by 

presence of hyphae, vesicles, spores, arbuscules and/or coils. Total AMF colonization is 

defined as occurrence of AM intraradical hyphae, arbuscules, coils, vesicles and 

intraradical spores. Spores and vesicles had similar morphology, so their occurrences 

were summed and will be referred to as vesicles.  

 

Lipid extraction and analysis 

The second composite fine root sample was frozen, freeze-dried (Labconco, Freezone 

4.5), weighed and ground (SPEX Certiprep Mill, 8000M). Lipids were extracted from 

approximately 15 mg of ground roots vortexed in a one-phase mixture of methanol, 

chloroform and phosphate buffer (pH 7.4) with a volume ratio of 2:1:0.8, using the 

Frostegård et al. (1991) modification of the Bligh and Dyer (1959) method. The extracted 

lipids were separated into neutral-, glyco-, and phospholipid fractions by silicic acid 

column chromatography by eluting with chloroform, acetone and methanol, respectively. 

The neutral- and phospholipids were methylated to free fatty acid methyl esters 

(FAME’s) using a mild alkaline solution. The FAME’s were then dissolved in hexane 

and analyzed by gas chromatography using a 6890N GC (gas chromatograph; Agilent 
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Technologies, Palo Alto, CA) with a Ultra 2 column (30m, 0.2mm ID, 0.33µm film), an 

FID detector and hydrogen as carrier gas. Conditions (temperature and time) for the GC 

analyses are set by the Microbial Identification System (Sherlock version 4.5, MIDI Inc., 

Newark, DE). The FAME 19:0 (Matreya Inc., State College, PA) was used as internal 

quantitative standard and the FAME’s were identified by a Microbial Identification 

System (Sherlock version 4.5, MIDI Inc., Newark, DE) using a eukaryotic mix (MIDI 

Inc., Newark, DE) as qualitative standards. To confirm MIDI software identification 

several samples were also analyzed using a GC-MS (gas chromatograph-mass 

spectrometer) at Argonne National laboratory (R.M. Miller laboratory) in parallel to the 

analysis using the GC with MIDI software. The fatty acid 16:1ω5c was used as an 

indicator for AM fungi (Olsson, 1999; Olsson & Johansen, 2000).  

 

Calculations of AMF abundance  

AMF root colonization can be calculated on different bases each of which sheds light 

on different aspects of response to treatments.  The most commonly used metric is 

colonization as a percentage of root length (staining method) or fatty acid biomass as a 

proportion of root biomass (fatty acid method), which shed light on treatment effects on 

the colonization intensity of AM fungi in roots, but not on the net changes in fungal 

abundance at the stand level, or proportional allocation to mycorrhizae. Fungal 

colonization on an area or soil volume basis sheds light on cumulative treatment effects 

on fungal abundance mediated by both colonization intensity and variations in length and 

biomass of host roots in response to treatments; these methods are useful for defining 

treatment response of fungal biomass at the stand level. Expression of fungal colonization 

as a proportion of host aboveground (woody and litter) biomass shed light on the 

proportional biomass allocation of maples to AM fungi, which is of interest to ecosystem 

modelers.   
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For calculation of maple AMF abundance per cm3 of soil, referred to as stand-level 

maple AMF colonization, the following equations were used:  

for ocular (root staining) data, 

(cm AMF root length cm-3 soil) = (% AMF colonization) x (cm root length g-1 root) x (g 

root cm-3 soil);  

and for fatty acid data,  

(nmol 16:1ω5c cm-3) = (nmol 16:1ω5c g-1 root) x (g root cm-3 soil). 

To determine the effect of treatments on maple proportional allocation to AMF biomass, 

the AMF abundance was expressed in relation to maple aboveground biomass:  

for ocular data, 

(cm AMF root length g-1 maple biomass) = (cm AMF root length m-2 soil) / (g maple 

biomass m-2 soil);  

and for fatty acid data,  

(nmol 16:1ω5c g-1 maple biomass) = (nmol 16:1ω5c m-2 soil) / (g maple biomass m-2 

soil). 

The (cm AMF root length m-2 soil) and (nmol 16:1ω5c m-2 soil) represent the values 

per m2 obtained from the top 10 cm soil. Maple aboveground biomass (woody plus litter) 

have been measured annually since 1988 at all sites using the methods described in Reed 

et al. (1994) and Burton et al. (1991). 

 

Statistical analysis 

Differences in dependent variables (root colonization, vesicle colonization, PLFA 

16:1ω5c and NLFA 16:1ω5) between treatments were determined using a two-way 

repeated measures ANOVA with N-treatment (n = 2) and site (n = 4) as factors and the 

sample date (n = 2) as repeated measures. Transformations (square root, natural logarithm 

and arcsin) were applied as appropriate to ensure a normal distribution and equal 

variances. Given significant time effects, site effects and (in some cases) treatment x site 

interaction terms, we examined site-level effects using univariate ANOVA with N- 

treatment as a fixed factor. For each date, the relationships between total AMF 
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colonization and PLFA 16:1ω5, and between vesicle colonization and NLFA 16:1ω5, 

were analyzed using linear regression analysis (n = 24 per sample date).  

 

Results 

Root staining 

 N addition led to significantly reduced total AM fungal structures (Fig. 2a,b) and 

exchange structures (arbuscules + coils) (Fig. 2e,f) for all three metrics (colonization 

intensity, stand-level maple AMF abundance, and proportional allocation to AM fungi) 

(Table 1). Other individual structures (hyphae, vesicles) showed similar, but weaker 

trends of decline in response to N addition that were significant for only a subset of 

metrics (Table 1, Fig. 2c,d,g,h).  

Changes from July to October were common for multiple metrics and structures 

(Table 1). For total AMF structures significant growing season increases occurred for 

colonization intensity and stand-level abundance (Table 1).  For hyphae (Fig. 2c,d) and 

exchange structures (Fig. 2e,f) the seasonal effect was significant for stand-level 

abundance and proportional allocation with various directions of change. For vesicles a 

significant growing season increase was observed only using the colonization intensity 

metric (Table 1).   

Significant site effects were seen for all AMF structures using all metrics, with the 

main trend showing a decrease in total AMF abundance and vesicles in both treatments 

from site A to C (most metrics) or site A to D (Fig. 2a,b,g,h) (Table 1). This decrease was 

most apparent for vesicles (Fig. 2g,h), and not observed with hyphae or exchange 

structures (Fig. 2c,d and 2e,f, respectively).  

There were also some significant treatment x site and site x time interactions. 

Treatment x site interactions were strongest and most consistent across metrics for 

exchange structures and to a lesser extent for vesicles and total AMF structures (Table 1). 

Variation in the strength of the response to N addition was evident at the site level, with 

strongest effects at site C and weakest effects at site D (Fig. 2). Site x time interactions 

were seen in total AMF structures, exchange structures and hyphae for all three metrics, 
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with site D again diverging from other sites for total AMF structures (Fig. 2a,b) and 

exchange structures (Fig. 2e,f) and site B diverging for hyphae (Fig. 2c,d) (Table 1). 

There were no significant treatment x time or treatment x site x time interactions for any 

variables (data not shown). 

 

Lipid analysis 

N addition led to a decrease in AMF indicator PLFAs and NLFAs for all metrics 

(Table 1, Fig. 3). A significant growing season increase was evident for PLFA 16:1ω5c 

only for the colonization intensity metric (Fig. 3a,b), but for NLFAs the increase was 

evident with all metrics (Table 1, Fig. 3e,f,g,h). Differences in PLFA 16:1ω5c among 

sites only became apparent when PLFA 16:1ω5c was expressed at the stand level or as 

proportional allocation (Table 1, Fig. 3c,d), whereas differences among sites in NLFA 

16:1ω5c were evident for all metrics (Table 1, Fig. 3e,f,g,h). As for staining, there was 

some variation in the strength of the treatment effect among sites, although no significant 

interaction terms were found for PLFAs or NLFAs (Table 1, Fig. 3). 

 

Relationship of root staining and lipid analysis 

PLFA 16:1ω5c content had a significant positive linear relationship with total AMF 

colonization in October (R2 = 0.39, P = 0.001) and a similar trend in July (R2 = 0.14, P = 

0.07) (Fig. 4a). NLFA 16:1ω5c showed a strong positive linear relationship with the 

percentage vesicle colonization (P < 0.0001) on both sampling dates (R2 = 0.59 (July) 

and R2 = 0.67 (October), Fig. 4c). Although the percentage vesicle colonization had an 

equal range on both sampling dates, the amount of NLFAs for a particular percentage of 

vesicle colonization was much higher in October (y = 1.47 + 0.41x) compared to the 

amount of NLFAs in July (y = 0.67 + 0.09x) (Fig. 4c). This large increase in NLFA 

16:1ω5c content with a similar percentage of vesicles is very apparent in the almost five-

fold increase of the October regression line slope compared to the July slope (0.41 and 

0.09, respectively). When expressed on a maple stand level both the relationships 

between PLFA 16:1ω5c vs. AMF root colonization and NLFA 16:1ω5c vs. vesicle 

colonization became stronger (Fig. 4b,d).  
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Discussion 

N effects on temperate forest AMF  

The decrease in AMF root colonization with N addition is very apparent from the 

results using both techniques. This is the first study to demonstrate such a response in 

temperate hardwood forests treated for so long with realistic levels of simulated N 

deposition. Hutchinson et al. (1998) found a significant decrease in percent AMF 

colonization of sugar maple roots at one site after three years of 1000 kg ha-1 yr-1 N 

addition, while another site showed no difference after two years of N addition. Lansing 

(2003) also found a reduction in AMF colonization levels for sugar maple after four years 

of 100 kg ha-1 yr-1 N addition. Interestingly Lansing’s reduction in AMF colonization for 

sugar maple in Michigan was similar to the reduction found in our study (R of 0.88 and 

0.80, respectively) where R is the response ratio (R = mean of treatment divided by mean 

of control) (Treseder, 2004). Our total N addition over 12 years (360 kg ha-1) was 

comparable to their total N addition over four years (400 kg ha-1). 

Several factors could be causing the reduction of the arbuscular mycorrhizal 

symbiont in an N-amended environment. One hypothesis is that N addition reduces host 

C allocation to AM fungi. This is consistent with the significant results found in the 

analyses of proportional allocation to AM fungi by the maples (aboveground and litter 

biomass), which is lower in the N-amended plots. The high N deposition sites (site C and 

D) also had a lower proportional allocation to AMF independent of treatment, which 

might be the result of long-term differences in ambient N deposition. If less C is being 

allocated to the fungal symbiont this could also explain some of the reduced soil 

respiration found in the N-amended plots. This decline in soil respiration has not been 

explained by other factors, i.e. root respiration or microbial respiration in mineral soil 

(Burton et al., 2004; Zak et al., 2006). Furthermore the N-amended plots have shown 

increased tree growth (K.S. Pregitzer et al., unpublished), which suggests that more C is 

invested in aboveground biomass.  

Another hypothesis for reduced AM fungal biomass with N addition could be that the 

mycorrhizae are directly affected by the higher amounts of N in the soil. Wallander 

(1995) suggested that reduced fungal growth was not caused by reduced C flow to 



 19

ectomycorrhizal fungi (EMF), but that the increased amount of N supply caused the 

mycorrhizal fungi to use more C in the costly process of N assimilation instead of using 

the C for growth. This hypothesis is consistent with the increased N content of the foliage 

and leaf litter of the N-amended plots at our study sites (K.S. Pregitzer, unpublished). 

Fungal growth response can also differ among species depending on their capacity for N 

assimilation and the pathway of N assimilation (Wallander, 1995), and this might also 

explain some of the differences in treatment response among sites. However, N uptake 

costs may be lower for AMF than EMF, because of the difference in their N-assimilation 

pathways. In AMF symbioses studied so far, N is transferred to the host plant as 

ammonium and not, as in EM symbiosis, as an amino acid (Govindarajulu et al., 2005). 

Therefore AM fungi retain most of the C from the amino acids, while EM fungi lose the 

C in the transfer of N as amino acids to the host plant (Govindarajulu et al., 2005).  

However, the N-uptake by AM fungi still has energetic and C costs that could affect 

AMF growth. 

Sites varied in the strength of the reduction in AMF colonization with N addition.  

Site D showed only a marginal decline in AMF abundance with N addition in July and a 

trend toward an increase in October. Although the ambient N deposition of site D is about 

the same level as site C, the lack of strong reduction of AM fungal root abundance with N 

addition could possibly be caused by site-level differences in C allocation to, or N-

assimilation by AMF caused by variation in mean annual temperature, precipitation, tree 

growth, N-mineralization rates, C:N ratio in litter or phosphorus availability. 

Alternatively, site-level differences in AMF abundance could be driven by changes in 

AM fungal community structure. Functional diversity, e.g. variation in C demand vs. 

nutrient supply, exists among AM fungi, and compositional and functional community 

responses have been found in previous studies of AM fungal response to N (e.g., Johnson 

1993; Corkidi et al., 2002). For example, Johnson (1993) found a change in AM fungal 

community with N (and other nutrients) fertilization and suggested that the AM fungal 

species dominant at the fertilized sites were more parasitic than those dominant at low N 

sites. We will address these alternative hypotheses in a future paper.  
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Staining vs. fatty acid methods   

The positive linear relationship of the fatty acid 16:1ω5c with percent AMF 

colonization in stained roots found in this study is consistent with findings from other 

studies which have performed both staining and fatty acid analysis (Olsson et al., 1997; 

Van Aarle & Olsson, 2003; R.M. Miller, unpublished). In a controlled greenhouse study 

with cucumber plants, inoculated with a single AMF species, very strong relationships 

were found between colonized root length and both PLFA and NLFA 16:1ω5c (R2 = 0.92 

and 0.95, respectively) (Olsson et al., 1997). In another greenhouse study, Van Aarle & 

Olsson (2003) found weaker significant relationships between both PLFA and NLFA 

16:1ω5c and percent AMF colonization (R2 = 0.44 and 0.57, respectively). The higher R2 

values within the Olsson et al. (1997) and the Van Aarle & Olsson (2003) study 

compared to our study could be caused by 1) the much more controlled environment vs. a 

field study, 2) a single AMF species vs. greater AMF diversity combined with differences 

in fatty acid composition and amounts between AMF species (Bentivenga & Morton, 

1996; Olsson & Johansen, 2000) and/or 3) a bigger range and better distribution of the 

values of root colonization.  

The relationship of NLFA 16:1ω5c with the amount of storage structures (Fig. 4c) 

was stronger than that of PLFA 16:1ω5c with the percent total AMF colonization (Fig. 

4a). It is unclear exactly why this is, but possibilities include 1) the inability to 

distinguish live and dead hyphae using staining methods, 2) poor staining of some AMF 

species (Morton & Redecker, 2001), 3) vesicles’ larger size and distinctive shape 

compared with hyphae which minimizes error in counting, and 4) the larger potential for 

variability in hyphal density compared to vesicle density at an intersect.   

The steeper slope of the relationship between NLFA 16:1ω5c and vesicle 

colonization in October compared to July is indicative of vesicle filling, i.e. the 

accumulation of storage lipids through the growing season. This suggests that most of the 

AMF storage structures (vesicles) are already present earlier on in the colonization 

process of the roots, and more lipids are added to these vesicles during the growing 

season for storage and use for the next year. A similar observation was made by Van 

Aarle & Olsson (2003) in their greenhouse study. NLFA 16:1ω5c is therefore perhaps a 
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better indicator of the amount of stored energy than the numbers of vesicles present in the 

roots.  

We saw a similar, but weaker effect of season on the relationship of PLFA 16:1ω5c 

and percent total AMF colonization. The distinction between the two regression lines in 

this relationship (Fig. 4a) is less obvious than for NLFA 16:1ω5c vs. vesicle colonization 

(Fig. 4c). The 3-fold steeper slope in October compared to July is a much smaller relative 

increase compared to the 5-fold steeper slope for the neutral lipids vs. percentage 

vesicles. PLFA 16:1ω5c also appeared to be a more sensitive biomass indicator than our 

frequency-based ocular measurements of AMF colonization, probably because the ocular 

method does not take colonization intensity into account. As a result, when only ocular 

measurements are performed, changes in biomass could be overlooked or underestimated. 

The improvement of the relationship of lipid and ocular estimates after rescaling to a 

volumetric (cm3 soil) basis was striking, indicating that the strength of the relationship of 

the two metrics depends on the form of their expression. Since mycorrhizae and roots 

exploit space rather than mass, the stand-level values (Fig. 4b,d), which show the actual 

mycorrhizal biomass in a volume of soil, are perhaps more relevant to use than 

concentration values (Fig. 4a,c). Both root biomass and specific root length, which were 

used to calculate AM fungal biomass on a stand-level basis, were not affected by 

treatment. However, the percent colonization decreased with an increase in specific root 

length (R2 = 0.47, P < 0.0001) and root biomass decreased at all sites from July to 

October (P = 0.001). By expressing the AMF abundance on a volumetric basis, these 

length and biomass differences were taken into account, and improved the relationships 

between ocular measurements and fatty acid 16:1ω5c.  

 In conclusion, after 12 years of simulated N-addition, the abundance of AM fungi 

within the active fine root system of maples and proportional investment in AM fungi 

decreased significantly as estimated by both lipid analysis and staining. Positive linear 

relationships were found between the fatty acid 16:1ω5c and the percent total AMF 

colonization and number of storage structures. The phospholipid fraction seems to be a 

good indicator of active AMF biomass and NLFA 16:1ω5c was found to be a better 

indicator of AMF stored energy than the number of vesicles present. The fatty acids 
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analyses gave better insight into changes in AMF total biomass and stored energy over 

time compared to the staining method, and avoided possible under- or overestimation of 

the total AM fungal abundance. However, the staining method can elucidate changes in 

specific fungal structures (arbuscules, coils, etc), which is not possible with fatty acid 

analyses. The observed decrease in AMF abundance and investment could suggest either 

reduced C allocation to these fungi or a direct soil N-mediated decline. The observed 

reduction in the abundance of and investment in AM fungi belowground is consistent 

with the reduction in soil respiration reported earlier for this study (Burton et al., 2004). 

Future research will focus on the effects of increased N inputs on AMF extraradical 

hyphae and community analyses designed to understand if N-deposition is altering AMF 

community composition, structure and function.  
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Table 1 Comparison of P-values for all quantification methods and metrics of estimation of mycorrhizal fungal colonization of  
sugar maple roots across a nitrogen deposition gradient in Michigan. 

Metric Method Structures Treatment Site Time Treatment 
x Site 

Site x 
Time 

Staining  Total AMF 0.002 0.001 0.001 0.26 0.003 
 Hyphae 0.05 0.03 0.08 0.18 <0.001 
 Exchange structures <0.001 0.008 0.08 0.01 0.004 
 Vesicles 0.03 <0.001 <0.001 0.04 0.81 
Fatty acid 16:1ω5c Phospholipid 0.005 0.55 <0.001 0.43 0.97 

AMF root 
colonization 
intensity  
 
 
  Neutral lipid 0.007 0.005 <0.001 0.27 0.85 

Staining  Total AMF 0.02 <0.001 0.03 0.05 0.001 
 Hyphae 0.06 0.01 0.03 0.10 <0.001 
 Exchange structures 0.001 0.007 0.003 0.006 0.006 
 Vesicles 0.06 <0.001 0.93 0.03 0.06 
Fatty acid 16:1ω5c Phospholipid 0.01 0.001 0.24 0.14 0.07 

Stand-level 
maple AMF 
abundance 
 

 Neutral lipid 0.02 <0.001 <0.001 0.07 0.22 
Staining  Total AMF 0.007 <0.001 0.11 0.08 0.001 
 Hyphae 0.02 0.007 0.03 0.19 <0.001 
 Exchange structures <0.001 0.009 0.003 0.01 0.006 
 Vesicles 0.05 <0.001 0.93 0.07 0.06 
Fatty acid 16:1ω5c Phospholipid 0.004 0.001 0.27 0.21 0.07 

Proportional 
allocation to 
AMF  

 Neutral lipid 0.01 <0.001 <0.001 0.12 0.22 
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Fig. 1 Locations of the study sites (A-D) in Michigan. The inset shows the location of Michigan 

(filled area) within the USA. 

 

 



 28

To
ta

l A
M

F 
( c

m
 g

-1
 m

ap
le

 b
io

m
as

s)

0

5

10

15

20

25

30

Control  
N-amended 

H
yp

ha
e 

(c
m

 g
-1

 m
ap

le
 b

io
m

as
sl

)

0

4

8

12

Ex
ch

an
ge

 s
tru

ct
ur

es
 (c

m
 g

-1
 m

ap
le

 b
io

m
as

s)

0

1

2

3

Site A Site B Site C Site D

Ve
si

cl
es

 (c
m

 g
-1

 m
ap

le
 b

io
m

as
s)

0

4

8

12

Site A Site B Site C Site D

July October
(b)

(c) (d)

(e) (f)

(h)(g)

(a)

*

*
*

**

**

 

Fig. 2 Mean proportional allocation to AMF in maple fine roots for the four study sites by 

treatment for July and October 2005: total (a,b), hyphal (c,d), exchange structures (e,f) and 

vesicles (g,h). Error bars indicate one standard error of the mean. All AMF structures showed a 

significant overall N treatment and site effect (see Table 1 for details).  * Means of N treatments 

differ significantly at site (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001).  
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Fig. 3 Mean PLFA (a,b) and NLFA 16:1ω5c (e,f) concentrations in maple fine roots, and maple 

proportional allocation to PLFA (c,d) and NLFA 16:1ω5c (g,h), for the four study sites by 

treatment for July and October 2005. Error bars indicate one standard error of the mean.  Overall 

N treatment effect was significant in all cases (see Table 1 for details). * Means of N treatments 

differ significantly at site (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001).  
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Fig. 4 Relationship between PLFA 16:1ω5c and total AMF colonization and between NLFA 

16:1ω5c and vesicle colonization (vesicles and intraradical spores) in maple fine roots for the four 

study sites as colonization intensity (a,c) and on maple stand-level basis (b,d). Regression line 

(solid) and 95% confidence interval (dashed) are plotted.  
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Chapter 2 Effects of chronic nitrogen additions on diversity and community 

composition of arbuscular mycorrhizal fungi in northern hardwood forests 

 

Summary 

Arbuscular mycorrhizal fungi are in general negatively affected by increased nitrogen 

(N) deposition, but little is known about how nitrogen affects the AMF community 

composition within forest ecosystems. Therefore we studied the diversity and community 

composition of arbuscular mycorrhizal fungi (AMF) in northern hardwood forests after 

more than 12 years of nitrogen addition. We performed molecular analyses on maple 

(Acer spp.) roots targeting the 18S rDNA region using the fungal specific primers AM1 

and NS31. PCR products were cloned and identified using restriction fragment length 

polymorphism (RFLP) and sequencing. The effect of nitrogen on AMF species diversity 

varied among sites. N addition also affected the AMF community composition 

significantly. Eighty percent of all clones were represented by seven dominant 

operational taxonomic units (OTU’s), of which over 90% belonged to the genus Glomus 

and the remainder to the genus Acaulospora. The observed effect on community 

composition implies that AMF species associated with maples differ in their response to 

elevated nitrogen. Knowing that functional diversity exists among AMF species, this 

change in community composition could have implications for the functioning of this 

type of ecosystem. 

 

Introduction 

Arbuscular mycorrhizal fungi are ubiquitous and have a very broad host range (Smith 

and Read, 1997). However, it is clear that species can vary in abundance in response to 

different hosts (e.g. Helgason et al., 2002; Helgason et al., 1998) and environmental 

conditions, (e.g. Wirsel, 2004; Helgason et al., 2002; Treseder & Allen, 2002; Helgason 

et al., 1998). It is also clear that both AMF diversity (van der Heijden, 1998) and the 

identity of mycorrhizal fungal symbionts can have a large impact on host function (e.g. 
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Corkidi et al., 2002; Helgason et al., 2002; Johnson, 1993).  With the current changing 

environmental conditions (increased CO2, N-deposition, warming), it is therefore of 

interest to study how these plant-fungal relationships are changing. To do this we will 

first need to identify the AMF species present in a broad range of ecosystem types and 

across a variety of environmental gradients to be able to understand the distribution and 

function of mycorrhizal fungal species and communities (Lilleskov and Parrent, 2007).  

Increased nitrogen (N) deposition has generally been found to negatively affect the 

abundance of arbuscular mycorrhizal fungi (AMF) (Treseder, 2004; van Diepen et al. 

2007). Decrease in AMF abundance could be associated with 1) a decrease in all species 

present, 2) a change in relative abundance of the associated species, or 3) a complete 

change in community composition.  

Studies of AMF community response to N additions have had varying results often 

depending on ecosystem type and amount of nitrogen addition combined with the years 

of fertilizer application. Several have shown increased nitrogen deposition leading to a 

change in AMF community composition via analysis of asexual spores (e.g. Egerton-

Warburton and Allen, 2000; Eom et al., 1999 ; Johnson, 1993), and more recently 

community changes have been detected via molecular techniques (Porras-Alfaro et al. 

2007, Jumpponen et al. 2005). However, most of the N deposition studies looking at 

AMF community composition in plant roots have been performed in grassland or 

chaparral ecosystems. To our knowledge, no published studies have examined changes in 

forest ecosystems, so the generality of N deposition effects on AMF community 

composition across ecosystem types is yet to be determined. 

Identifying AMF species is a prerequisite for elucidating the functional significance 

of changes in AMF species composition and abundance. We performed molecular 

analyses on maple roots from northern temperate hardwood forests, targeting the 18S 

rDNA region using fungal specific primers. Our specific objectives within this study 

were to 1) estimate AMF species diversity and identify AMF community composition in 

a northern hardwood forest, and 2) determine how both are affected by increased chronic 

nitrogen deposition.  
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Materials and Methods 

Site description and sampling 

Roots were sampled from four sugar maple (Acer saccharum Marshall) dominated 

forest sites throughout Michigan, USA (Fig. 1). Three untreated and three N-amended 

plots (30 x 30 m) are located at each site. Nitrogen has been applied annually in six equal 

increments of NaNO3 during the growing season since 1994, for a total of 30 kg N ha-1 

yr-1. Ambient wet N deposition at the sites ranged from 3.0 kg N ha-1 yr-1 near site A to 

6.8 kg N ha-1 yr-1 near site D in 2006 (NADP, 2006). All sites have similar soil 

development, stand age and plant composition. More detailed information about the sites 

can be found in Burton et al. (1991). 

For root sampling, each plot was divided in to 6 equal (10 x 15 m) subplots, and one 

soil core (2 cm in diameter and 10cm deep) was taken randomly in each subplot in 

October 2006. Each soil core was washed through a 2mm and 1mm screen until most soil 

particles were washed out. Maple roots were handpicked from the screens and cleaned 

more thoroughly with DI water and by sonication for 5 min. The maple roots were 

divided up into two diameter classes, fine roots (<0.5mm) and larger roots (>0.5mm), and 

weights of both classes were recorded. For each core, the fine maple roots were divided 

into two equal subsamples. One subsample was composited at the plot level and used for 

PLFA analysis to estimate AMF intra-radical abundance (Chapter 3), similarly to the 

previous year (van Diepen et al., 2007). The other subsample was frozen, freeze dried and 

used for molecular analyses. Each subsample (144 in total) was analyzed separately in all 

the steps of the molecular analyses to ensure maximum sensitivity to infrequent and rare 

taxa. 

 

Molecular analysis 

DNA was extracted from 5mg lyophilized fine sugar maple roots per sample using a 

DNeasy 96 Plant Kit (Qiagen, USA) according to manufacturer’s instructions. Extracted 

DNA was amplified according to Helgason et al. (1999) PCR cycling parameters, in a 

25µl reaction mixture of 0.5µl Easy-A high fidelity PCR cloning enzyme (Stratagene), 

2.5µl manufacturer’s Easy-A reaction buffer, 2.5µl dNTP’s (2mM), 0.25 µl (20µM) 
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eukaryotic primer AM1 (Simon et al., 1992) and 0.25 µl (20µM) fungal primer NS31 

(Helgason et al., 1998). This combination preferentially amplifies AM fungi, although 

certain other fungal taxa are amplified. PCR products were cloned into TOPO TA 

pCR2.1 vector (Invitrogen) and transformed into Escherichia coli (One Shot TOP10 

Chemically competent) according to manufacturer’s instructions. 

From each sample 15 putative clones were randomly selected and amplified using the 

same reaction mixture as in the first PCR, but replacing the cloning enzyme with Paq500 

DNA polymerase (Stratagene).  Up to 12 positive PCR products per sample were 

digested with restriction enzymes NlaIII and DpnII (New England Biolabs Inc.). 

Representatives of each RFLP (restriction fragment length polymorphism) type were then 

re-amplified, cleaned with StrataPrep PCR purification kit (Stratagene) according to 

manufacturer’s instructions, and sequenced. Sequencing was done by Nevada Genomics 

Center (Reno, Nevada, USA) on a ABI Prism 3730 DNA analyzer using primers NS31 

and AM1.   

 

Sequence analyses 

In order to identify the obtained sequences, the sequences were compared with all 

known sequences in GenBank using BLAST. Only sequences matching confirmed AMF 

taxa from GenBank were used for alignment in Bioedit (Hall, 1999), using ClustalW 

(Thompson et al., 1994). The ClustalW alignment was checked and improved manually 

where needed.  

To define OTU’s (Operational Taxonomic Units) a distance matrix was computed of 

our sequences using DNADIST version 3.5c (J. Felsenstein, University of Washington, 

Seattle, WA). To understand the effects of N amendment at different taxonomic levels 

OTU’s were defined at three different levels of RFLP type sequence similarity: 100%, 

97% and 95%. 

Sample-based rarefaction curves (species accumulation curves) were calculated per 

treatment and site, and for all pooled data in EstimateS version 7.5 (Colwell, 2005) using 

the analytical formulas of Colwell et al. (2004). Furthermore the estimated total species 
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richness by functional extrapolation was calculated in EstimateS using the Michaelis-

Menten function (Colwell and Coddington, 1994).  

Shannon diversity index was calculated at each OTU level, and effects of treatments 

were determined using a two-way ANOVA with N treatment (n = 2) and site (n = 4) as 

factors.  

The effects of N-amendment on AMF community composition for all three levels of 

OTU’s were examined using permutational multivariate analysis of variance 

(PERMANOVA, Anderson, 2005) based on the Bray–Curtis distance measure. 

PERMANOVA does not provide graphical data display, so the community data were 

visualized using biplots of CAP (Canonical Analysis of Principal Coordinates, Anderson 

2004) output. CAP was performed with each treatment at each site as a separate group 

(total of eight groups). Furthermore effects of treatment on the most abundant OTU’s 

were analyzed using a two way ANOVA with N treatment (n = 2) and site (n = 4) as 

factors.  

An additional sequence alignment was made in BioEdit combining our sequences, 

AMF taxa from GenBank with high similarity (>97%) with our sequences, and known 

AMF species. The full alignment was used to create phylogenetic trees in PAUP 4.0b10 

(Swofford, 1998), using maximum parsimony and 1000 bootstrap replicates to check 

support for the tree. The tree was rooted with a Paraglomus occultum sequence obtained 

from GenBank. Phylogenetic trees were visualized using Treeview Win32 version 1.6.6 

(R.D.M. Page, 2001).  

 

Results 

AMF taxa and diversity 

Within the study a total of 2160 clones (15 clones per sample) were amplified and 

resulted in an average of 12 positive PCR products of ~550 bp per sample. Digestion of 

the ~550 bp positive PCR products resulted in 45 different RFLP patterns of which the 

sequences of 27 were matched with confirmed AMF taxa, four with Basidiomycetes (1 

clone in 4 different samples), and six with Ascomycetes from GenBank using BLAST. 
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Five of the Ascomycetes found only represented 1-2 clones within 6 samples, however 

Ascomycete Menispora tortuosa was found in 32 of the 144 samples (3.3% of clones). 

The remainder of the sequenced RFLP types did not match with any fungal species. 

However, over 94% of all clones analyzed within this study represented AMF taxa.  

Using the 27 AMF sequences, a total of 12 (95% similarity) and 17 (97% similarity) 

unique OTU’s (Operational Taxonomic Units) were found (Table 1). The different 

OTU’s are evident in the maximum parsimony phylogenetic tree (consensus tree), and 

showed AMF clades similar to OTU’s defined at 97% and 95% sequence similarity (Fig. 

2, Table 2). The names of the OTU’s as defined in Table 2 were used for further analyses 

and discussion of the data. 

Rarefaction curves of the pooled data showed a saturation of number of taxa found in 

our samples for both OTU groupings (95% and 97% similarity), but at the taxonomic 

level of RFLP types the rarefaction curve did not level off completely, suggesting that 

more samples could have increased the number of RFLP types found in our maple roots 

(Fig. 3a). When observing taxa accumulation curves at the treatment by site level, no 

complete saturation was observed at the taxonomic level of RFLP types. At the 

taxonomic level of 97% sequence similarity it only showed saturation of the taxa 

accumulation curve for control plots at site C (Fig. 3b), and at 95% sequence similarity 

for control plots of site A and C, and N-amended plots of site A and D. However, the 

estimated total taxa richness by functional extrapolation was less than 3 RFLP types or 2 

OTU’s (97% and 95% similarity) greater than our observed number of taxa, indicating 

that we were very close to finding all taxa present within our system. 

AMF taxa Shannon’s diversity was not significantly affected by treatment or site, and 

varied from an average of 1.94 (based on RFLP types) to 1.64 (95% similarity) (Table 1). 

An average of 10.3 (±0.4), 9.0 (±0.3), and 7.3 (±0.2) RFLP types or OTU’s were found 

overall at our study sites at the different taxonomic levels of RFLP type, 97% similarity 

and 95% similarity, respectively. There was a significant site by treatment interaction at 

the taxonomic levels of RFLP type and 97% similarity (Table 1, Fig. 4). Site A showed a 

slight increase of taxon diversity with N-amendment, Site B showed no difference, and 

site C and D had a slight decrease (Fig. 4). 
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AMF community composition 

Increased N-addition led to a significant change in AMF community composition at 

all taxonomic levels (Table 1, Fig. 5). The significance of the chronic N-addition effect 

on AMF community composition increased slightly from RFLP type taxonomic level to 

95% sequence similarity (Table 1). All taxonomic levels also showed a significant site 

effect (Table 1). The first two axes of the CAP biplot explained 51%, 53% and 60% of 

the total variation in community composition among plots at the taxonomic level of 

RFLP type, 97% (Fig. 5) and 95% sequence similarity, respectively. 

All OTU’s belonged to only two families of the Glomeromycota, with over 90 % of 

all analyzed clones from the genus Glomus, and the remainder from the Acaulosporaceae 

(Acau1) (Table 2). Overall the most abundant OTU’s were (in order of decreasing 

abundance); Glo2, Glo5, Glo6b, Glo8, Glo6, Glo1 (all belong to Glomus group A 

(Schüßler et al., 2001)), and Acau1, which all formed distinct clades within the 

phylogenic analysis (Fig. 2) and represented on average more than 80% of all analyzed 

clones for each treatment (Table 2).  

Of the most abundant OTU’s, only Acau1 showed a significant N treatment effect (p 

< 0.001), and Glo2, Glo5 and Glo8 a marginal treatment effect (p < 0.1) (Table 3). Acau1 

had increased abundance at the N-amended plots compared to the control plots and it 

comprised ~20 % of all analyzed clones of the N-amended plots of site C (Table 2).  

Acau1 also showed a significant site effect and site by treatment interaction (Table 3). N-

amendment affected Glo5 and Glo8 in opposite directions. Glo5 had a trend towards 

increased abundance with N-amendment, whereas Glo8 decreased with N-amendment 

(Table 2 and 3). For Glo2 the marginal negative N treatment effect was paralleled by a 

strong significant site effect (Table 3), with Glo2 decreasing in abundance going south (to 

higher N sites) along the gradient (Table 2). Glo2 was present at all sites and treatments 

and it was highly abundant at the control plots of site A (lowest N site) where it 

represented just over 50% of the clones analyzed, while in the N-amended plots it 

represented ~25% (Table 2, Fig 5b).  

Two of the most abundant OTU’s, Glo6b and Glo6, did not show any significant N-

treatment effect, but did have a significant site effect (Table 3), suggesting that their 
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abundance was affected by the natural nitrogen gradient or by other site differences. 

Glo6b increased in abundance from site A (~6% of analyzed clones) to site D (~20% of 

analyzed clones) (Table 2). Besides the significant site effect, Glo6 also had a significant 

site by treatment interaction (Table 3). In response to N amendment Glo6 showed a slight 

increase at site A and B and a marginal decrease at sites C and D (Table 2). Site B had 

the highest abundance of Glo6.  

No treatment or site effects were found for Glo1 (Table 3) and the OTU’s that 

comprised the remainder of the clones (20%) found at our study sites. Glo1 was present 

in all the plots, while most of the rest of the OTU’s were only present at some of the plots 

(Table 2). 

 

Discussion 

While sequence matches of 97-100% similarity with AMF taxa in GenBank were 

found for all our AMF sequences, most were to unidentified environmental isolates, with 

only a few sequences matching known AMF species within the GenBank database. This 

could indicate that our forests contain a large number of new species that have not been 

cultured before, or that the GenBank database is insufficient. The sequences that were 

matched with AMF taxa from GenBank were mostly from the genus Glomus and a few 

from the genus Acaulospora. The primer set we used within this study, NS31 and AM1, 

is known to adequately amplify the families Glomeraceae, Gigasporaceae and 

Acaulosporaceae (Helgason et al., 1998), but AM1 has been found to not properly target 

the Archaeosporaceae and Paraglomaceae (Redecker et al., 2000). It is therefore possible 

that we haven’t identified the complete AMF taxa community composition of our study 

sites and we can only draw conclusions of the effects of N-amendment on the families of 

Glomeraceae, Gigasporaceae and Acaulosporaceae. However, of all the known AMF 

spores studies done in sugar maple (Acer saccharum Marshall) forests, no spores of the 

Archaeosporaceae or Paraglomaceae families were found (e.g. Lansing, 2003; Lerat, 

2003; Coughlan et al., 2000; Moutoglis and Widden, 1995).  
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Chronic N-addition had different effects on AMF taxa diversity per site, indicated by 

a significant treatment by site interaction. Diversity at site A had a trend towards a 

positive response to N-amendment, while the N-amended plots at site C and D showed a 

trend towards a negative response by decreasing in taxa diversity. Porras-Alfaro et al. 

(2007) also found higher taxa diversity with N-amendment in a semiarid grassland. The 

fact that site C and D had a trend towards the reverse response of taxa diversity to N-

amendment might be explained by the higher ambient N-deposition at those two sites 

compared to the two northern sites. 

Shannon diversity index at our sites for a single tree species was in the same range (H 

=1.94-1.64, Table 1) as values for a grassland system for two plant species (H = 1.71, 

Vandenkoornhuyse et al., 2002), lower than in a tropical forest for 2 plant species (H = 

2.33, Husband et al., 2002) but much higher than an arable site (H= 0.39, Helgason et al., 

1998). However, lower taxa diversity does not necessarily reflect the functional diversity 

of the AMF species present. For example, Munkvold et al. (2004) found a substantial 

functional heterogeneity with low AMF species diversity by looking at species isolate 

characteristics and their benefits to the plant. This intraspecific functional variation raises 

another challenging aspect of interpreting AMF community composition and diversity 

and their related function in ecosystem processes (Sanders, 2004; van der Heijden and 

Scheublin, 2007). By analyzing the effects of N-amendment on community composition 

and diversity of our obtained AMF sequences at different taxonomic levels (100-95% 

sequence similarity) we tried to account for some of the effects caused by response at 

different levels of taxonomic organization.  

The AMF community composition that we did find was strongly affected by N-

amendment and site at all taxonomic levels, and effects of N-amendment also varied 

among AMF taxa. Other studies have found similar results, showing variable responses 

of the dominant AMF taxa under N-amendment (Porras-Alfaro et al., 2007; Jumpponen 

et al., 2005). Of our most abundant OTU’s, Glo5 showed a similar positive response to 

N-amendment as a closely related environmental isolate found by Jumpponen et al. 

(2005). We also observed a positive response to N-addition for OTU Acau1, which 

suggested that our Acaulospora species was more tolerant to high nitrogen levels than 
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some of the Glomus taxa found at our sites, or better at competing with species from the 

Glomus genus at higher levels of nitrogen. Negative effects of N-amendment were found 

for Glo8. A similar negative effect of N addition was observed for close relatives of Glo8 

found by Porras-Alfaro et al. (2007), but was contrasted by increased abundance with N-

amendment for a closely related isolate found by Jumpponen et al. (2005). 

Responses of some AMF taxa to N-amendment within our study were confirmed by 

similar responses found for those AMF taxa in other studies. Finding this repeated pattern 

is a prerequisite for determining universal patterns and rules for responses of AMF taxa 

to environmental change (van der Heijden and Scheublin, 2007). Although we are still far 

removed from identifying all AMF species within a variety of ecosystems and how they 

respond to human-accelerated environmental change, this study has contributed to 

insights of responses of some AMF taxa in sugar maple dominated forests, which form 

extensive stands in northern temperate biomes. Further analysis of the AMF community 

data will focus on the effects of additional environmental variables on the AMF 

community composition, such as litter C and nutrient content, foliar nutrient content, 

temperature, soil respiration and NPP. These analyses could reveal some indirect effects 

of increased N-amendment on AMF community composition, and could be useful for the 

creation of models predicting changes in fungal communities and plant-fungal 

relationships.  

The changes in AMF community composition found at our sites together with an 

overall decrease in intraradical AMF abundance with N-amendment (van Diepen et al., 

2007) could have implications for the functioning of this type of ecosystem. Johnson 

(1993) found that N-amendment may select less mutualistic AMF taxa, which is reflected 

through decreased nutrient uptake efficiency or an increased carbon cost for the host 

plant. AMF taxa that are abundant at high N-levels have been found to be less beneficial 

or even detrimental to the host plant (Corkidi et al., 2002). Our observed change in AMF 

community composition thus has the potential to substantially change both nutrient and 

carbon cycling within northern hardwood forests. 
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Table 1 Comparison of P-values of PERMANOVA of AMF community composition and ANOVA of Shannon  

diversity index for the 3 different taxonomic levels. 

 Community composition Shannon diversity 
Taxonomic 

level 

# 
OTU’s Treatment Site Treatment * 

Site 
Treatment Site Treatment * 

Site 

Mean 
Shannon 
diversity 

RFLP type 27 0.0315 0.0001 0.1637 0.908 0.172 0.035 1.94 
97% similarity 17 0.0150 0.0001 0.1046 0.894 0.144 0.029 1.88 
95% similarity 12 0.0132 0.0003 0.0998 0.416 0.441 0.810 1.64 

OTU’s, Operational Taxonomic Units 
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Table 2 RFLP types grouped by OTU-ID and name at 95% and 97% sequence similarity. Mean percentages of OTU’s at  

97% similarity for the four study sites by treatment are displayed.  

Site A Site B Site C Site D OTU 
ID 

OTU 
name 

RFLP types  
> 95% similarity 

RFLP types 
> 97% similarity C N C N C N C N 

1 Glo1 A,B,F,M A,B,F,M 6.2 12.3 11.1 9.9 6.2 7.4 6.2 8.6 
2 Acau1 C,N C,N 1.9 9.3 0.0 1.2 5.6 20.4 3.7 4.3 
3 Glo2 D,O,I D 51.2 27.8 21.6 12.3 8.0 4.3 16.0 20.4 
4 Glo2a  O 1.2 0.6 0.0 0.0 0.0 0.0 0.0 0.0 
5 Glo2b  I 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 
6 Glo3 E,P,Q,R E,P,Q,R 6.8 3.7 4.3 5.6 6.2 0.0 5.6 4.9 
7 Glo4 S,T,U S, T 0.0 0.0 9.3 5.6 4.3 5.6 4.9 1.9 
8 Glo4a  U 0.0 0.0 1.2 0.6 0.0 0.0 0.0 0.0 
9 Glo5 G G 8.0 11.7 8.6 17.3 16.7 19.8 11.7 24.7 
10 Glo6 H,K,L,V,X K,L,V 0.6 13.0 13.0 14.8 13.6 4.9 2.5 1.2 
11 Glo6a  H 3.7 8.6 1.9 5.6 5.6 2.5 11.1 6.8 
12 Glo6b  X 9.3 6.2 4.9 12.3 22.2 21.6 21.0 18.5 
13 Glo7 J J 0.0 4.3 0.0 0.0 0.0 0.0 0.0 0.0 
14 Glo8 AA AA 11.1 2.5 21.6 14.2 11.7 12.3 16.0 8.6 
15 Glo9 W W 0.0 0.0 0.6 0.0 0.0 1.2 0.0 0.0 
16 Glo10 Y Y 0.0 0.0 1.2 0.0 0.0 0.0 0.6 0.0 
17 Glo11 Z Z 0.0 0.0 0.6 0.6 0.0 0.0 0.0 0.0 

OTU’s, Operational Taxonomic Units 
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Table 3 Comparison of P-values of ANOVA of dominant OTU’s at 97%  

sequence similarity for the four study sites. 

OTU Treatment Site Treatment * Site 
Glo2 0.07 <0.001 0.16 
Glo5 0.08 0.34 0.77 
Glo6b 0.94 0.04 0.76 
Glo8 0.09 0.16 0.73 
Glo6 0.62 0.01 0.02 
Glo1 0.40 0.71 0.77 
Acau1 <0.001 <0.001 0.01 

OTU’s, Operational Taxonomic Units 
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Fig. 1 Locations of the study sites (A-D) in Michigan. The inset shows the location of Michigan 

(filled area) within the USA. 
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Fig. 2 Maximum parsimony phylogenetic tree of obtained AMF sequences from this study, 

GenBank sequences of known Glomeromycota, and of other GenBank AMF sequences of the 

18S rDNA region highly similar to our sequences. Neighbor-joining phylogenetic tree had the 

same general topology. Tree is rooted to Paraglomus occultum (AJ276082). Bootstrap values of 

70% (1000 replicates) and higher are shown, indicating well supported branching. OTU’s as 

defined at >97% sequence similarity (Table 2) are displayed on the right side of the tree. 
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Fig. 3 Rarefaction curves with Mao Tau values estimating species accumulation a) at all 

taxonomic levels for number of AMF taxa of the pooled samples from all plots, and b) at 

treatment by site level at the taxonomic level of 97% similarity. 
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Fig. 4 Mean Shannon diversity index at the taxonomic level of 97% sequence similarity for the 

four study sites by treatment (open bars, control; closed bars, N-amended). Error bars indicate 1 

SE of the mean. Overall treatment and site effect was not significant, but a significant treatment 

by site interaction was observed. 
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Fig. 5 Canonical Analysis of Principal Coordinates (CAP) biplots based on Bray-Curtis distance 

measure of (a) AMF taxa composition of plots at treatment by site level with OTU’s defined at 

97% sequence similarity, and b) AMF taxa together with plots. Biplots of the other taxonomic 

levels showed similar placement of plots and taxa. 
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Chapter 3 Chronic nitrogen addition causes a decline of intra- and 

extraradical abundance of arbuscular mycorrhizal fungi and changes in 

microbial community composition in northern hardwood forests. 

 

Summary 

Increased nitrogen (N) deposition caused by human activities has altered ecosystem 

functioning and biodiversity. To understand the effects of altered N-availability, we 

measured the abundance of arbuscular mycorrhizal fungi (AMF) and the microbial 

community in northern hardwood forests exposed to chronic nitrogen (N) addition using 

phospholipid fatty acid analysis (PLFA). Intra- and extraradical AMF biomass and total 

microbial biomass were significantly decreased by N addition. N-amendment also 

significantly affected the microbial community composition, and was dominated by a 

decrease in fungal to bacterial biomass ratios. Our observed decline in AMF and total 

microbial biomass together with changes in microbial community composition could 

have substantial impacts on the nutrient and carbon cycling within northern hardwood 

forest ecosystems. 

 

Introduction 

Of the different classes of mycorrhizal fungi, arbuscular mycorrhizal fungi (AMF) are 

most common in terrestrial ecosystems (Smith and Read, 1997). Most herbaceous plants, 

agricultural plants and tropical tree species have a symbiotic relationship with AMF. 

However, in northern high latitude forests ectomycorrhizal (EM) fungi predominate and 

only a few tree families are associated with AM fungi, e.g. Aceraceae, Rosaceae and 

Oleaceae (Smith and Read, 1997). Consequently, fewer studies within boreal and higher-

latitude temperate forests have focused on the function of AMF in ecosystems. 

Mycorrhizal fungi play a pivotal role in plant carbon and nutrient balance, supplying 

nutrients to the plant in exchange for carbon that they receive from their host plant (Smith 

and Read, 1997). Mycorrhizal fungi may thus be influenced by changes in nitrogen 



 

 55

availability caused by natural disturbance, fertilization or atmospheric nitrogen 

deposition. The effects of nitrogen addition on AMF abundance has been studied in 

several different ecosystems and has generally been found to be negative (van Diepen et 

al., 2007; Treseder, 2004 and references therein). However most of these N addition 

studies have focused on the intraradical abundance of AMF, and only a few have been 

performed in a field setting.  

Although intraradical hyphae are responsible for exchange of resources with the host 

plant, the extraradical AMF mycelium is responsible for the initial uptake of nutrients 

from the soil. Therefore, when studying nutrient cycling within ecosystems, the function 

of both the intra- and extraradical AMF are of importance. Extraradical AMF can 

constitute up to 30% of the total microbial biomass in the soil (Leake et al., 2004), but 

have not been as extensively studied as intraradical AMF. This lack in understanding of 

the functioning of extraradical mycelium is mainly caused by the difficulty of estimating 

their presence within the soil environment.  

Fatty acid (phospho and neutral lipids) analyses have been successfully used to 

estimate AMF intra-radical and extraradical biomass by using the fatty acid 16:1ω5 as 

AMF biomarker (e.g. van Diepen et al., 2007; Balser et al., 2005; Olsson, 1999). 

Phospholipids are part of the cell membrane, present in relatively stable ratios with AMF 

biomass, and are degraded quickly after cell death. This makes them suitable markers for 

AMF live biomass. In contrast, neutral lipids are storage lipids, the abundance of which 

can vary greatly over time, and are therefore better indicators of proportional allocation to 

storage (van Diepen et al., 2007). Correct estimation of AMF biomass in soil is 

complicated by soil bacteria which also contain small amounts of the phospholipid fatty 

acid 16:1ω5 (Olsson, 1999). However, these bacteria tend not to use lipids as energy 

reserves, and therefore have very low NLFA (neutral lipid fatty acid) 16:1ω5 storage 

lipid content. In soils with an NLFA:PLFA 16:1ω5 ratio greater than one, PLFA 16:1ω5 

can be assumed to be mainly derived from AMF (Olsson and Wilhelmsson, 2000; 

Olsson, 1999; Olsson et al., 1997). 

The performance of PLFA analyses on soil for estimating AMF extraradical 

abundance has the extra advantage of simultaneously providing insight into the total 
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microbial biomass and composition of the rest of the microbial community. Phospholipid 

fatty acid analysis has been proven to be successful for identification and biomass 

estimation of groups of bacteria and fungi within the soil environment (Frostegård and 

Bååth, 1996; Tunlid and White, 1992) and has been applied to understand changes in soil 

microbial communities caused by various disturbances (e.g. Allison et al., 2005; Waldrop 

et al., 2004; Zak et al., 1996). Field studies have observed a decrease in total microbial 

biomass and/or changes in microbial community composition with increased N 

deposition. For example both Compton et al. (2004) and DeForest et al. (2004) found a 

decrease in total microbial biomass with N-amendment for 11 and 7 years, respectively. 

However, in these studies only Compton et al (2004) found changes in microbial 

community composition. The study by DeForest et al.(2004) was carried out in the same 

study system investigated in the present study, providing the opportunity to compare 

medium and longer-term impacts of N inputs on microbial communities.  

In this study we examined the effects of increased chronic nitrogen addition on the 

intra- and extraradical abundance of AMF in relation to the rest of the microbial 

community using PLFA analyses. We hypothesized that both intra- and extraradical AMF 

and microbial biomass would decrease and also changes in soil microbial community 

composition would be observed after 12 years of N-amendment. 

 

Materials and methods 

Study sites 

Four sugar maple (Acer saccharum Marshall) dominated forest sites throughout 

Michigan, USA (Fig. 1) were studied. Each site consisted of three untreated and three N-

amended 30 x 30 m plots. N has been applied annually in six equal increments of NaNO3 

during the growing season since 1994, for a total of 30 kg N ha-1 yr-1. Ambient wet N 

deposition at the sites ranged from 3.0 kg N ha-1 yr-1 near site A to 6.8 kg N ha-1 yr-1 

near site D in 2006 (NADP, 2006).  All sites have similar soil development (sandy 

spodosols), stand age and plant composition. More detailed information about the sites 

can be found in Burton et al. (1991). 
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Soil and root sampling,  

For soil and root sampling, all the plots were divided into six equally sized subplots 

(10 x 15m). Two paired soil cores, 2 cm diameter and 10 cm deep, were taken randomly 

in each subplot, at the beginning of October 2006. Each soil core of the first set was 

washed through a 2mm and 1mm screen until most soil particles were washed out. Maple 

(Acer spp.) roots were handpicked from the screens and cleaned more thoroughly with DI 

water and by sonication for 5 min. The maple roots were divided up into two diameter 

classes, fine roots (<0.5mm) and larger roots (>0.5mm), and weights of both classes were 

recorded. For each core, the fine maple roots were divided into two equal subsamples. 

One subsample was frozen and freeze-dried (Labconco, Freezone 4.5) for DNA-based 

community analysis (not discussed in this paper), and the other subsample was 

composited at the plot level, frozen, freeze dried and ground (SPEX Certiprep Mill, 

8000M), and used for PLFA analysis to estimate AMF intra-radical abundance.  

The second set of soil cores were composited at the plot level, stored on ice for 

transport and frozen at -20 ˚C within 12 hours after sampling. The composite soil samples 

were freeze-dried (Labconco, Freezone 4.5), sieved through a 2mm sieve, and the <2mm 

fraction was mixed thoroughly. Subsequently, a subsample of ~10g mixed soil sample 

(<2mm) was cleaned by manually removing roots and litter particles. The cleaned freeze-

dried soil (< 2mm) was used for PLFA analysis to estimate abundance of AMF 

extraradical hyphae and other members of the microbial community. 

 

Lipid extraction and analysis 

Lipids were extracted from approximately 2.5 g of cleaned freeze-dried soil (< 2mm) 

or 15mg of freeze-dried ground roots, vortexed in a one-phase mixture of methanol, 

chloroform and phosphate buffer (pH 7.4) with a volume ratio of 2:1:0.8, using the 

Frostegård et al. (1991) modification of the Bligh and Dyer (1959) method. The extracted 

lipids were separated into neutral-, glyco-, and phospholipid fractions by silicic acid 

column chromatography by eluting with chloroform, acetone and methanol, respectively. 

The neutral- and phospholipids were methylated to free fatty acid methyl esters 



 

 58

(FAME’s) using a mild alkaline solution. The FAME’s were then dissolved in hexane 

and analyzed by gas chromatography using a 6890N GC (gas chromatograph; Agilent 

Technologies, Palo Alto, CA) with an Ultra 2 column (30m, 0.2mm ID, 0.33µm film), an 

FID detector and hydrogen as carrier gas. Conditions (temperature and time) for the GC 

analyses are set by the Microbial Identification System (Sherlock version 4.5, MIDI Inc., 

Newark, DE). The FAME 19:0 (Matreya Inc., State College, PA) was used as internal 

quantitative standard and the FAME’s were identified by a Microbial Identification 

System (Sherlock version 4.5, MIDI Inc., Newark, DE) using a eukaryotic mix (MIDI 

Inc., Newark, DE) as qualitative standards. To confirm MIDI software identification 

several samples were also analyzed using a GC-MS (gas chromatograph-mass 

spectrometer) at Argonne National laboratory (R.M. Miller laboratory) in parallel to the 

analysis using the GC with MIDI software.  

The fatty acid 16:1ω5c was used as an indicator for AM fungi (Olsson, 1999; Olsson 

& Johansen, 2000; Allison et al., 2005). Phospholipid fatty acids (PLFAs) representing 

bacteria were 14:0, a15:0, i17:0, a17:0, cy19:0a, i15:0 (gram+), i16:0 (gram+), 16:1ω7 

(gram-), cy17:0 (gram-), 18:1ω7 (gram-) (Allison et al., 2005). For actinomycetes the 

PLFAs 10me16:0 and 10me18:0 were used, and total (non AM) fungi were defined using 

phospho- and neutral lipid fatty acids 18:2ω6, 18:1ω9 and 20:4ω6 (Allison et al., 2005).  

 

Calculations of AMF intra- and extraradical biomass 

To understand the effects of chronic N addition on the AMF biomass, the responses 

were calculated using three different metrics; 1) colonization intensity is expressed as 

nmol of fatty acid 16:1ω5c per biomass of root or soil, 2) stand-level AMF biomass is 

expressed as nmol of fatty acid 16:1ω5c per volume of soil, and 3) proportional 

allocation to AMF as nmol of fatty acid 16:1ω5c per maple aboveground biomass. For 

calculation details, see van Diepen et al. (2007). For the calculations of the proportional 

allocation metric only maple aboveground biomass was used. Some of the extraradical 

AMF hyphal biomass could also come from the tree species black cherry (Prunus 

serotina) and white ash (Fraxinus Americana) at our sites which are also associated with 

AMF. However on average these two species represented less than 5 % of the total 
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standing biomass at our study sites in 2006, and therefore their contribution to AMF 

extraradical hyphae would be very minor. 

 

Statistical analysis 

Differences in dependent variables (all PLFA values) between treatments were 

determined using a two-way ANOVA with N treatment (n = 2) and site (n = 4) as factors. 

Transformations (natural logarithm, cosine, sine and arctangent) were applied as 

appropriate to ensure a normal distribution and equal variances.  

Differences in microbial community were analyzed using permutational multivariate 

analysis of variance (PERMANOVA, Anderson, 2005) based on the Bray–Curtis distance 

measure. PERMANOVA does not provide graphical data display, so the community data 

were visualized using biplots of CAP (Canonical Analysis of Principal Coordinates, 

Anderson, 2004) output. CAP was performed with each treatment at each site as a 

separate group (total of eight groups).  

 

Results 

AMF intra- and extra radical biomass 

AMF indicator PLFA 16:1ω5c was found to be significantly reduced by N-

amendment in maple (Acer spp.) fine roots (intraradical) and in soil (extraradical) and 

total biomass (intra- and extraradical) by using all three metrics (Table 1, Fig. 2). The 

mean percentage of decrease differed among metrics for both intra- and extraradical 

AMF biomass, and ranged from 36 to 51% (Table 1). Similar results were found for 

NLFA 16:1ω5c, with the exception of stand level maple AMF extraradical abundance 

which had only a marginal decrease with N-amendment (Table 1). N-amendment on 

average reduced NLFA 16:1ω5c by 28 % for both root and soil colonization intensity and 

by 38% for proportional allocation to total AMF biomass (Table 1). Significant site 

effects were only observed for the neutral lipid measurements of AMF extraradical 

biomass, and total AMF biomass (Table 1, Fig. 2d and 2f, respectively). Some significant 

treatment by site interactions were found for PLFA and NLFA 16:1ω5c values for all 
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three metrics (Table 1, Fig. 2), which indicated different treatment responses among sites. 

For example, proportional allocation to total AMF biomass measured as NLFA 16:1ω5c 

was more affected by N-amendment at site A and C compared to site B and D (Fig. 2f). 

NLFA to PLFA ratios of 16:1ω5c in soil and roots were greater than 1 on all plots 

(mean of 2.7 and 20, respectively), and the ratio did not differ among treatment (p = 0.56 

and p = 0.37, respectively, Fig. 3). Therefore PLFA 16:1ω5c could be used as a biomass 

estimator for AMF live biomass.  

The percentage of intraradical AMF compared to total AMF biomass averaged 7.5% 

(± 2.1%) for phospholipids and 35% (± 5.3%) for neutral lipids. The major part of total 

AMF biomass within the ecosystem was thus found in the soil. No nitrogen effects were 

found on the proportion of intraradical AMF compared to total AMF biomass (Table 1), 

thus both intra- and extraradical AMF biomass estimates were equally negatively affected 

by N-amendment.  

 

Microbial biomass and community 

Total microbial biomass, represented by total PLFA, decreased significantly with N-

amendment by 24% (Table 2). No significant differences among sites were found, and 

only a marginal treatment by site interaction (Table 2). Among the different microbial 

groups, as defined by PLFA analysis, all were significantly negatively affected by N-

amendment, except for gram positive bacterial phospholipids, and fungal (not including 

AMF) neutral lipids which showed no significant effect (Table 2). Total bacterial 

biomass represented on average 74% of total PLFA and only 18% of total NLFA, 

confirming the fact that bacteria have low levels of NLFA. 

The composition of the microbial community was also significantly affected by 

treatment (p = 0.0007), and differed among sites (p = 0.0001) (Fig. 4a). The relative 

abundance of fungi and bacteria was largely responsible for the variation among 

treatment and sites (Fig. 4b). The different patterns for bacteria and fungi among 

treatment and sites is also indicated by the significant treatment and site effect found for 

total fungal to bacterial ratio (Table 2). Total fungal to bacteria biomass ratio decreased 

with N-amendment by phospholipid measurement (Fig. 5a), and similar results were 
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found for AMF to bacteria biomass ratio (Table 2, Fig. 5b) indicating that bacteria 

increase in abundance relative to fungi in general and AMF in particular under chronic N 

addition. Chronic N addition only marginally affected the saprotrophic fungi to bacteria 

ratio (Table 2, Fig 5c). Furthermore, the saprotrophic to AM fungal ratio as measured by 

PLFA increased significantly with N-amendment (Table 2) indicating that AMF 

decreased in abundance relative to saprotrophic fungi with N-amendment. 

 

Discussion 

AMF intra- and extra radical biomass 

In the present study, N-amendment suppressed both intra- and extraradical AMF 

biomass as measured by PLFA 16:1ω5c. We found similar results for intraradical AMF 

biomass at these sites in 2005 (van Diepen et al., 2007). In contrast, in 2001 extraradical 

AMF biomass measured as soil PLFA 16:1ω5c was not found to be significantly reduced 

by N-amendment (p = 0.121), but there was a trend in this direction (DeForest et al., 

2004). This disparity in extraradical AMF biomass response to N-amendment between 

2001 and 2006 could be caused by a lag-period in the effect of N-amendment or 

cumulative dose effect, as was also observed for soil respiration at our sites (Burton et al., 

2004). Plotting the soil PLFA 16:1ω5c values of 2006 against 2001 showed a significant 

linear relationship (p = 0.01), but a low R2 of 0.24, confirming the disparity in AMF 

biomass response between 2001 and 2006. However, the low R2 could also indicate noise 

in the sampling, e.g. because of low number of cores per plot or time of year effects. 

In contrast with the observed long-term effect of N amendment on AMF in forests, 

short-term field studies that analyzed both intra- and extraradical AMF biomass showed 

different results (Table 3). Garcia et al. (2008) and Treseder et al. (2007) found an 

increase in intraradical AMF colonization and no effect on extraradical AMF mycelium 

as measured by hyphal length in a temperate forest after one year of N-amendment of 100 

kg ha-1 yr-1, and in a boreal forest after 2 years of 100 kg ha-1 yr-1 N-amendment, 

respectively. The lack of effect of N-amendment or increase in intraradical AMF in both 

studies could have been caused by the short period of N-amendment combined with lags 
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in, or cumulative dose effects on, AMF response, as found in the present study (Table 3). 

In our study, dose was higher (~360 kg N) and fertilization period longer (12 yr) than in 

the other two studies.  

 The effect of long term N-amendment might also be related to the type of ecosystem 

that was studied (Table 3). For example, in a tallgrass prairie Eom et al. (1999) still found 

increased biomass production of intra- and extraradical AM fungal mycelium after 9 

years of 100 kg ha-1 yr-1 N addition (dose of 900 kg N, Table 3). In contrast, in a desert 

and agricultural ecosystem Johnson et al. (2003) found significantly decreased AMF 

hyphal lengths in the soil after three to ten years of N-amendment (100-170 kg ha-1 yr-1 

N, dose of 300-1700 kg N) (Table 3). And in a similar ecosystem compared to our study 

sites (sugar maple dominated forest) Phillip and Fahey (2007) showed a reduction in 

intraradical AMF abundance with two years of 167 kg ha-1 yr-1 N amendment (Table 3). 

Their cumulative dose of N (334 kg) was comparable to the total amount of N addition in 

our study (360 kg N). The effects of N-amendment thus vary with length of N-

amendment and cumulative dose of N in combination with the type of ecosystem (Table 

3). 

Other reasons for the variety of responses could be differences in absolute and 

relative availability of different nutrients at the beginning of the experiment in 

combination with the cumulative N dose. The combination of these two factors could 

influence temporal dynamics of plant nutrient limitation, which in turn affect allocation 

to mycorrhizal fungi. For example, the increased AMF biomass that Eom et al. (1999) 

still observed after 9 years of N-amendment could be explained by lower soil inorganic 

phosphorus (P) concentration in the tall grass-prairie. The plants in that study therefore 

had to compensate for higher N levels by increasing P-uptake using AMF. In our study 

no shortage of P in the foliage of N-amended plots was found (L.T.A. van Diepen, 

unpublished data), and therefore no compensation was necessary. 

  Another reason for the observed decrease in total AMF (intra- and extraradical) 

biomass by N-amendment in our study was possibly caused by reduced carbon (C) 

allocation to AMF by the host plant. The host plant was able to assimilate enough 

nitrogen at the N-amended plots, with less help from AMF. Furthermore, decreased soil 
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respiration (Burton et al., 2004) together with increased tree growth (Pregitzer et al., 

2008) with N-amendment found at our study sites confirmed the lower carbon investment 

in belowground biomass.  

Most of the mentioned studies on effects of N amendment on AMF biomass used 

percentage root colonization (using a traditional staining technique) as an estimate for 

intraradical AMF biomass and hyphal length measurements in soil as an estimate for 

extraradical AMF biomass. However, with these techniques, colonization intensity within 

roots and changes in root biomass are not taken into account, and no distinction can be 

made between dead and live extraradical AMF mycelium. PLFA analyses 

(phospholipids) using the biomarker fatty acid 16:1ω5c have been shown to be a good 

estimator of live intraradical AMF biomass (van Diepen et al., 2007) and Balser et al. 

(2005) found that soil PLFA 16:1ω5 was a good indicator of extraradical hyphal biomass 

by comparing hyphal length measurements with PLFA 16:1ω5 in soil samples. Another 

advantage of using similar biomass estimators for both intra- and extraradical AMF 

biomass is the comparability of values when scaled up to a stand level. 

At the stand level most of the live AMF biomass (92.5% ± 2.1 of phospholipid 

16:1ω5) was extraradical, while stored energy (neutral lipid 16:1ω5) was more equally 

divided over intra- and extraradical AMF biomass (35 and 65% ± 5.3, respectively). 

Leake et al. (2004) assessed from several studies that most of the photosynthetically 

derived carbon of the host plant is allocated to the extraradical hyphae of associated 

mycorrhizae. Arbuscular mycorrhizal roots contain vesicles that can store large amounts 

of neutral lipids. The concentration of neutral lipids in roots has been found to increase 

compared to phospholipids at the end of the growing season (van Diepen et al., 2007), 

which is when our samples were taken. Therefore the proportion of intraradical to 

extraradical NLFA 16:1ω5 could be different when sampled in the middle of the growing 

season. However, most of the spore production also takes place at the end of the growing 

season, which would cause higher concentrations of NLFA 16:1ω5 in the soil compared 

to earlier in the growing season. 
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Microbial community 

The decrease in total microbial biomass and lower fungal to bacteria ratio that we 

observed with N-amendment has been found in several other studies. Three different long 

term N addition experiments in forest ecosystems compared by Wallenstein et al. (2006) 

showed a significant decrease in total soil microbial biomass and fungal to bacterial 

activity ratio. In contrast, Allison et al. (2008) did not find an effect of short-term N 

fertilization on microbial biomass, nor the fungi to bacteria ratio in boreal forests, which 

were sampled in the same study sites that also did not find an effect of N-amendment on 

extraradical AMF biomass (Treseder et al., 2007). This again might indicate that long 

term N-amendment is needed to observe some of the effects of increased N addition. This 

was also confirmed at our study sites, where after 7 years of N-amendment an overall 

decrease in total microbial biomass was observed, but no detectable changes in microbial 

community composition (DeForest et al., 2004).  

A possible cause of lower fungal to bacteria ratios with N-amendment is changes in 

the quality of organic matter. Fungi in general have a higher C:N ratio compared to 

bacteria (Paul and Clark, 1996) and to maintain this they therefore likely need to 

consume organic matter of high C:N ratio (Wallenstein et al., 2006). This hypothesis is 

supported in the present study by the positive correlation of fungal:bacterial biomass ratio 

and C:N ratio of sugar maple litter (A.J. Burton, unpublished data) at our study sites (p = 

0.003, R2 = 0.33). Furthermore, the reduction in saprotrophic fungal biomass is consistent 

with the observed decline in lignolytic enzyme activity used to degrade lignin (DeForest 

et al., 2004), which is primarily associated with saprotrophic fungi. 

Under chronic N addition saprotrophic fungi were less affected by N-amendment 

than AMF. As a result, chronic N addition only marginally affected the saprotrophic 

fungi to bacteria ratio (Table 2, Fig 5c), while AMF to bacterial biomass ratio 

significantly decreased (Table 2, Fig. 5b) and the saprotrophic to AM fungal ratio 

increased with N-amendment (Table 2).  
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Implications for forest ecosystem 

Soil microbes play a critical role in nutrient cycling, mineralizing organic matter into 

inorganic nutrients which are then available for uptake by plants. The observed decline in 

microbial biomass could therefore affect the decomposition of organic matter negatively 

and alter nutrient cycling with these forest ecosystems. Our observed decline in microbial 

biomass is consistent with the increase in organic matter with no changes in organic 

matter input, indicating slower organic matter decomposition (Zak et al., 2008).  

AMF can make up a large part of the microbial biomass, especially the extraradical 

mycelium (Leake et al., 2004). AMF also produce a glycoprotein, glomalin, which has a 

very long residence time in soil, and can represent between 3-8% of SOC (soil organic 

carbon) (Rillig et al., 2001). A decrease in AMF biomass could therefore have large 

consequences for soil organic matter content. However, in the present study soil C 

actually appears to be increasing (Pregitzer et al., 2008), suggesting that other factors, 

such as a decrease in the activity of saprotrophic fungi (DeForest et al., 2004) might be 

coming into play. 

In conclusion, after 12 years of N-amendment both the intra- and extraradical AMF 

biomass and total microbial biomass were significantly decreased in sugar maple 

dominated hardwood forests. The microbial community composition was also different 

under N-amendment and was dominated by a decrease in fungal to bacterial biomass 

ratios. The difference in results found for microbial community composition after 7 years 

and 12 years of N-amendment suggests that a lag or cumulative dose effect exists. Our 

observed declines in AMF biomass and fungal to bacterial ratio could have significant 

implications for both the nutrient and carbon cycling within sugar maple dominated forest 

ecosystems. 
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Table 1 Comparison of p-values and mean N-effect for all three metrics of intra- and extraradical AMF abundance measured as phospho- and 

neutral lipid fatty acids (PLFA and NLFA) across a nitrogen deposition gradient in Michigan, USA. 

  Treatment Site Treatment x site Mean N-effect (%) 
Metric Measurement PLFA NLFA PLFA NLFA PLFA NLFA PLFA NLFA 
AMF colonization intensity Intraradical  0.003 0.002 0.946 0.929 0.02 0.01 -36 -28 
 Extraradical  <0.001 0.05 0.09 0.01 0.02 0.05 -41 -28 
Stand level AMF abundance Intraradical  0.01 <0.001 0.59 0.17 0.25 0.01 -47 -43 
 Extraradical  <0.001 0.06 0.15 0.01 0.05 0.13 -41 -29 
 Intra- and extra radical  <0.001 0.003 0.15 0.02 0.04 0.03 -42 -34 
Proportional allocation to AMF Intraradical  0.003 <0.001 0.64 0.68 0.29 0.01 -51 -46 
 Extraradical  <0.001 0.03 0.24 0.02 0.10 0.16 -44 -34 
 Intra- and extra radical  <0.001 0.001 0.24 0.03 0.07 0.04 -45 -38 
Proportion of intraradical AMF to total AMF  0.39 0.33 0.42 0.03 0.90 0.47 -13 -16 

 Mean N-effect: negative numbers mean a decrease with N-amendment and positive number an increase 
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Table 2 Comparison of p-values and mean N-effect for the abundance of different soil microbial groups measured  

as phospho- and neutral lipid fatty acids (PLFA and NLFA) across a nitrogen deposition gradient in Michigan, USA.  

Microbial group Fatty acid Treatment Site Treatment x site Mean N-effect (%) 
Total microbial biomass  Phospholipid 0.02 0.43 0.05 -24 
 Neutral lipid 0.02 0.33 0.06 -15 
All bacteria Phospholipid 0.03 0.58 0.08 -22 
Gram+ bacteria Phospholipid 0.42 0.64 0.20 -22 
Gram- bacteria Phospholipid 0.01 0.24 0.12 -29 
Actinomycetes Phospholipid 0.03 0.88 0.18 -21 
Fungi (no AMF) Phospholipid 0.009 0.05 0.02 -27 
 Neutral lipid 0.34 0.20 0.16 -25 
Ratio TOT_F:B Phospholipid <0.001 0.003 0.07 -10 
Ratio AMF:B Phospholipid <0.001 0.003 0.07 -24 
Ratio SapF:B Phospholipid 0.07 <0.001 0.08 -7 
Ratio SapF:AMF  Phospholipid 0.001 0.74 0.27 +25 
 Neutral lipid 0.99 0.06 0.66 -0.2 

TOT_F:B, total fungal to bacteria biomass; AMF:B, arbuscular mycorrhizal fungal to bacteria biomass; SapF:B, Saprotrophic fungal to bacterial biomass 

Mean N-effect: negative numbers mean a decrease with N-amendment and positive number an increase 
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Table 3 Comparison of different studies on nitrogen addition effects on AMF intra- and/or extraradical biomass. 

N-amendment effect on AMF 
biomass Study Ecosystem Application rate 

(kg N ha-1 yr-1) 
Length of 
study (yrs) 

Cumulative dose 
(kg N ha-1) 

Intraradical Extraradical 
Eom et al., 1999 Tallgrass prairie 100 9 900 ↑ ↑ 

Agricultural 120 9 1080 Not measured ↓ 
Agricultural 170 10 1700 Not measured ↓ 

Johnson et al., 2003 

Desert 100 3 300 Not measured ↓ 
Treseder et al., 2007 Boreal forest 100 (200 in 1st yr) 2 300 ↑ ↔ 
Garcia et al., 2008 Temperate forest 100 1 100 ↑ ↔ 
Phillips and Fahey, 2007 Temperate forest 167 2 334 ↓ Not 

measured 
DeForest et al., 2004 Temperate forest 30 7 210 Not measured ↔ 
Van Diepen et al., 2007 Temperate forest 30 11 330 ↓ Not 

measured 
This study Temperate forest 30 12 360 ↓ ↓ 

↓, significant decrease; ↔, no significant change; ↑, significant increase 
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Fig. 1 Locations of the study sites (A-D) in Michigan. The inset shows the location of Michigan 

(filled area) within the USA. 
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Fig. 2 Mean phospholipid fatty acid (PLFA) and neutral lipid fatty acid (NLFA) 16:1ω5c 

proportional allocation to maple (Acer spp.) fine roots (a,b), soil (c,d), and roots plus soil (e,f) for 

the four study sites by treatment (open bars, control; closed bars, N-amended). Error bars indicate 

1 SE of the mean. Overall N treatment effect was significant in all cases (see Table 1 for details). 
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Fig. 3 Mean NLFA to PLFA 16:1ω5c ratios within a) soil and b) maple (Acer spp.) fine roots for 

the four study sites by treatment (open bars, control; closed bars, N-amended). Error bars indicate 

1 SE of the mean. 
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Fig. 4 Canonical Analysis of Principal Coordinates (CAP) biplots based on Bray-Curtis distance 

measure of (a) microbial community composition of plots at treatment by site level based on 

phospholipid fatty acids (PLFAs), and b) PLFAs with description of microbial group together 

with plots. First two axes explain 74% of total variation among plots. 
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Fig. 5 Mean a) total fungal to bacterial biomass ratio, b) arbuscular mycorrhizal fungal (AMF) to 

bacterial biomass ratio, and c) saprotrophic to bacterial biomass ratio within soil for the four 

study sites by treatment (open bars, control; closed bars, N-amended). Error bars indicate 1 SE of 

the mean. 
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Chapter 4 Effects of chronic nitrogen deposition on respiration of 

extraradical mycelium of arbuscular mycorrhizal fungi in northern hardwood 

forests. 

 

Summary 

Soil respiration is a major pathway of carbon efflux, but the contributions of the 

different components to soil respiration are still not completely clear. Using mycorrhizal 

hyphal in-growth bags we attempted to estimate the contribution of arbuscular 

mycorrhizal (AM) mycelium to soil respiration in northern hardwood forests. We also 

estimated the AM fungal (AMF) mycelium production using the in-growth bags and 

studied how AMF mycelium production and respiration were affected by chronic N 

addition. Annual net AMF mycelium production was significantly negatively affected by 

N addition, but only a trend in decreased AMF hyphal CO2 flux was found. AMF hyphal 

respiration was found to be significantly positively related to AMF hyphal biomass 

within the in-growth bags. It is suggested that the decrease in soil respiration with N-

amendment observed at our study sites could partially be explained by the decline in 

AMF hyphal biomass with N addition.  

 

Introduction 

Soil organic carbon is the largest terrestrial carbon storage pool, constituting almost 

two thirds of the total carbon within terrestrial ecosystems (Schlesinger, 1997). The major 

pathway of carbon efflux from the soil is through soil respiration, which comprises 

almost 35% of the net global total (terrestrial and aquatic) C efflux (Schlesinger & 

Andrews, 2000). Changes in soil respiration can thus influence the global carbon cycle to 

a great extent. The global carbon cycle has received considerable attention from climate 

modelers in an attempt to accurately model ecosystem carbon cycling and how it is 

affected by various disturbances. There is a need to understand the factors influencing 
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soil respiration and characterize their influence on soil respiration under various climatic 

conditions. 

 Increased nitrogen has usually been found to suppress soil respiration (e.g. Bowden 

et al., 2004; Burton et al., 2004; Lee & Jose, 2003; Söderström et al., 1983). To 

understand the mechanisms behind decrease in soil respiration with increased nitrogen 

amendment, it is important to define the different components of soil respiration and their 

contribution. The two contributors to soil respiration have been defined as autotrophic 

(plant roots, Ra) and heterotrophic respiration (soil microbes and fauna, Rh) (Subke et al., 

2006). Different methods have been designed and applied to measure the contribution of 

each component to soil respiration separately (Hanson et al., 2000). However, none of the 

existing methods takes in consideration that mycorrhizal fungi are present in both roots 

and soil, as intra-radical and extra-radical structures, respectively. Consequently, the 

contribution of mycorrhizal fungi to soil respiration has been included in estimation of 

both Ra and Rh.  

Mycorrhizal fungi make up a large part of the microbial biomass in soils, with 

estimates up to 30% for AMF (Olsson and Wilhelmsson, 2000). Estimates as high as 20% 

of NPP (net primary production) flowing through mycorrhizal fungi have been made 

(Treseder & Allen, 2000). Most of this photosynthetically derived carbon is allocated to 

the external hyphae of associated mycorrhizae (Leake et al., 2004). Changes in mycelium 

biomass could therefore greatly influence soil respiration. Heinemeyer et al. (2007) found 

that ectomycorrhizal mycelium contributed about 25 % to total soil respiration in a 

lodgepole pine forest. However, within that study no mycelium biomass measurements 

were performed, leaving open the question if changes in external hyphal respiration are 

simply related to changes in external hyphal biomass, or to biomass-specific respiration 

rates. To fully understand the contribution of mycorrhizal external mycelium to soil 

respiration and how this is affected by disturbances, we therefore have to measure both 

the biomass and the respiration of mycorrhizal fungal mycelium. 

Estimates of fungal mycelium biomass within soil have been made using microscopic 

measurements of hyphal length, chemical biomarkers chitin and ergosterol, and more 

recently using phospholipid fatty acids (PLFAs) and hyphal in-growth bags. All these 
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methods, except for chitin and ergosterol, are able to separate AM fungi from 

saprotrophic fungi. PLFA 16:1ω5 has been successfully used as an indicator of AMF 

abundance within both soil and plant roots (Balser et al. 2005; Olsson & Johansen, 2000; 

Olsson, 1999). Hyphal in-growth bags filled with sand have been proven to be colonized 

by mycorrhizal fungi while minimizing colonization by saprotrophic fungi because of the 

lack of an organic matter source (Wallander et al., 2001). In addition, the hyphal in-

growth bags give us the opportunity to study AMF mycelium biomass while it is 

physically separated from roots, other fungi and soil microbes.  

Our objectives were to study the use of hyphal in-growth bags for estimation of AMF 

mycelium biomass, how increased N addition would affect this AMF mycelium biomass, 

and the respiration rate of AMF extraradical mycelium biomass. 

 

Materials and methods 

Study sites 

Four sugar maple dominated forest sites throughout Michigan, USA (Fig. 1) were 

studied. Each site consisted out of three untreated and three N-amended 30 x 30 m plots. 

Since 1994, 30 kg N ha-1 yr-1 has been applied in six equal increments of NaNO3 during 

the growing season. Ambient wet N deposition at the sites ranged from 3.0 kg N ha-1 yr-

1 near site A to 6.8 kg N ha-1 yr-1 near site D in 2006 (NADP, 2006). All sites have 

similar soil development (sandy spodosols), stand age and plant composition. More 

detailed information about the sites can be found in Burton et al. (1991). 

 

Hyphal in-growth bags 

To measure external AMF mycelium biomass production, hyphal in-growth bags 

were developed after Wallander et al. (2001). The hyphal in-growth bags were made of 

50 µm mesh (Sefar Filtration Inc., Depew, NY, USA), and filled with 130 g of Flint silica 

organic sand (>250µm) (Faulks brother construction Inc., Waupaca, WI, USA). 

Subsamples of the sand were checked for organic matter content by combustion in a 

muffle furnace for 6 hours at 600˚C, and confirmed that the sand did not contain 
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measurable organic matter.  The bags had a cylindrical shape, with an average length of 

9.11 (± 0.18) cm, diameter of 3.27 (± 0.27) cm, and average volume of 75 cm3.  

The in-growth bags were buried horizontally in the soil at the interface of the organic 

(O-horizon) and mineral (E horizon) layer at the beginning of the growing season (May 

2008) and harvested in September 2008. Five in-growth bags per plot were installed in 

May, at each corner and the center of a 10 x 10 m square in the center of the 30 x 30 m 

plot. In September, two days before the harvest, another five in-growth bags were 

installed within 30cm of the May-installed bags, to serve as blank bags to correct for 

ambient CO2 flux of bags removed from the soil.  

Previous research by Wallander et al. (2001) has shown that the mycelium of hyphal 

in-growth bags in a coniferous forest originated from EM fungi and not saprotrophic 

fungi, using both 13C isotopic measurements and control treatments (trenched systems) to 

correct for saprotrophic mycelia. Although phospho-lipid fatty acid (PLFA) 16:1w5c has 

been proven to be a good indicator for the presence and biomass of AM fungi in roots 

and soil (Olsson, 1999) and within our study sites (van Diepen et al., 2007), we 

performed an additional experiment to check for potential saprotrophic mycelium growth 

within our hyphal in-growth bags.  

Using an experimental design after Wallander et al. (2001) trenched plots were 

created at one of our study sites by inserting a PVC tube (30 cm long and 20 cm in 

diameter) 25 cm into the soil, and consequently completely severing roots inside the tube 

from the plants. As an extra measure against plant roots the opening at the bottom of the 

PVC tube was covered with 50µm mesh. To accomplish this, the PVC tube was briefly 

removed from the soil after insertion, while keeping the soil inside, followed by 

attachment of the mesh to the tube with a zip-tie and duct-tape, and reinsertion of the 

PVC tube into the soil, now with the mesh covering the bottom. By severing the plant 

roots, a non-mycorrhizal environment inside the tube was created. In November 2004 

four paired bags were placed per plot, one hyphal in-growth bag in a trenched soil (PVC 

tube), paired with one bag outside of the tube, totaling eight bags per plot. All bags were 

harvested in October 2005 and measured for hyphal biomass by the extraction method 
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described below. Furthermore PLFA analyses (van Diepen et al. 2007) were performed 

on a subset of mycelia extracted from the in-growth bags outside of the tubes. 

 

Respiration measurements 

All respiration measurements were performed with an LI-8100 soil respiration 

system, using a 10cm survey chamber (LI-COR, Lincoln, NE, USA). A special 

measurement chamber was designed that would fit the 10 cm survey chamber for 

placement of the in-growth bag during the measurements. The measurement chamber 

consisted of a PVC cap (10 cm in diameter, height of 4.6 cm), with a rack constructed of 

metal wire in the center to support the bag. After removal of the in-growth bags from the 

soil, bags were cleaned with a brush to remove all soil and roots attached, and 

immediately placed on the rack in the respiration chamber. After that, the LICOR survey 

chamber was placed on the respiration chamber and the measurement was started. 

Measurements were performed similarly to soil respiration measurements, with a total 

measurement time of 2 min, and a dead band of 30 sec. After the measurement, bags 

were placed in a zip-lock bag, stored on ice for transport, and frozen at -20 ˚C within 12 

hours after harvest. To estimate moisture content, bags were weighed before placement in 

the soil and directly after harvest. Furthermore, temperature measurements were 

performed at the time of the harvest at the depth of bag placement. 

 

Hyphal extraction 

The frozen in-growth bags were defrosted at room temperature on a clean surface, 

and the content was emptied into a large beaker. The inside of the mesh bag was further 

cleaned with a small paint brush to ensure all hyphae were removed from the bag. About 

600 ml of water was added to the beaker, stirred, and decanted through a sieve with 

50µm mesh. This process was repeated 6 times, after which the hyphae in the sieve were 

washed into a Petri-dish. The hyphae were further cleaned from any sand particles by 

multiple washings with DI water and handpicking of sand particles using tweezers by 

observation through a microscope. The cleaned hyphae were frozen and freeze-dried to 
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obtain the dry biomass weight. Hyphal biomass was further calculated on a volume basis 

using the mean volume of 75 cm3 of the in-growth bags. 

 

Calculation of hyphal respiration 

CO2 flux of the AMF hyphae in the bags were calculated on a per bag basis (µmol 

CO2 bag-1 s-1) from the CO2 flux measurements of the LICOR.  

Soil has a higher CO2 concentration compared to the air in which the measurement 

takes place, leading to artificially high CO2 fluxes from the bags after removal from the 

soil. To correct for this, from each sample bag we subtracted a CO2 flux value estimated 

from the blank bags. The blank bag flux had to be corrected for the influence of bag soil 

moisture content on CO2 flux rate from the bags (y = 0.8824x + 0.43, R2 = 0.67, p < 

0.0001, Fig. 2) where y is the flux rate and x is the bag moisture content.  The correction 

factor for each in-growth bag was composed of the average CO2 flux of the five blank 

bags within the same plot. Using the equation for soil moisture effect on CO2 flux, the 

CO2 flux of the blank bags was adjusted to the moisture concentration of the sample in-

growth bag. Soil temperature had no measurable influence on the CO2 flux of the blank 

bags over the narrow temperature range of the present study (p = 0.63), and therefore no 

corrections were made for this factor. The corrected mean CO2 flux of the blank bags per 

plot was subtracted from the measured CO2 flux of the sample bag to calculate the actual 

CO2 flux of a sample bag in nmol CO2 bag-1 s-1.  

From this value we could calculate total microbial respiration in the bag. However, it 

is possible that non-fungal (e.g. bacterial, protist, etc.) respiration is contributing to bag 

respiration. If all of the respiration is not derived from fungal hyphae, then we would 

expect to find a positive intercept when fitting the regression of respiration to hyphal 

biomass. Therefore, to check for and correct for other sources of respiration, we tested for 

positive intercepts in the hyphal biomass relationship with respiration rate. We found that 

these linear relationships had significantly positive intercepts (p < 0.0001) (Fig. 3). 

Hence, part of the total CO2 flux measured from a sample in-growth bag appears to be 

unrelated to hyphal presence, perhaps as a function of bacterial respiration of dissolved 

organic carbon. Therefore we made the assumption that the CO2 flux estimated at zero 
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mg of AMF hyphal biomass (= intercept of linear regression, Fig. 3) is non-fungal 

respiration and therefore subtracted this value from the CO2 flux of the sample bag to 

derive hyphal respiration. 

To calculate the AMF hyphal biomass-specific respiration rate, the blank and 

intercept-corrected CO2 flux of a sample bag was simply divided by the dry weight of 

AMF mycelium extracted from that bag. 

 

Statistical analysis 

Differences in dependent variables (hyphal biomass, CO2 efflux) between treatments 

were determined using a two-way ANOVA with N treatment (n= 2) and site (n = 4) as 

factors. Transformations (natural logarithm and sine) were applied as appropriate to 

ensure a normal distribution and equal variances. 

 

Results 

Verification of AMF hyphal growth 

The 2005 pilot in-growth bags study showed that hyphal biomass from bags inside 

the PVC tube (assumed of saprotrophic origin) varied from 5-29% of the biomass 

extracted from bags outside the tube (assumed of mycorrhizal origin). Phospholipid fatty 

acid (PLFA) analyses on mycelia extracted from the in-growth bags outside the tubes, 

indicated that 92% (±3.2) of total fungi (PLFA 16:1ω5c and 18:2 ω6,9) in untrenched soil 

was AMF (PLFA 16:1ω5c). We can therefore assume that our mesh bags were strongly 

dominated by AMF rather than saprotrophic fungi. The average PLFA 16:1ω5c 

concentration of the AMF hyphae was 1.3 (± 0.3) nmol mg-1 dry hyphae. 

 

AMF hyphal biomass 

Mean hyphal biomass in the in-growth bags significantly (p = 0.019) decreased by 

41% with chronic N-addition (Fig. 4). No site effect (p = 0.612) or site by treatment 

interaction (p = 0.370) was found.  
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CO2 flux 

CO2 flux from the hyphal in-growth bags was significantly positively correlated to 

the hyphal biomass for both treatments (p < 0.0001, R2 = 0.36 (control) and R2 = 0.41 (N-

amended), Fig. 3). The linear regression lines of the N-amended plots had a different 

intercept and slope and a slightly stronger relationship compared to the control plots. 

We found no significant difference with N-amendment in total hyphal in-growth bag 

CO2 flux after correction for both blank in-growth bags & non-hyphal CO2 flux (p = 0.14 

and p = 0.82, respectively) but a trend toward decline with an overall mean decrease of 

18 and 7%, respectively (Fig. 5a,b). There were also no significant site effects or site by 

treatment interactions. After the first correction factor for blank in-growth bags CO2 flux 

site A, B, and C showed a trend towards a decrease in CO2 flux (Fig. 5a). And after 

correction for both blank in-growth bags & non-hyphal CO2 flux only site B and C 

showed a trend towards a decrease in CO2 flux with N-addition (Fig. 5b).  

Calculating AMF hyphal biomass-specific respiration rate resulted in a biomass-

specific CO2 flux of 0.32 and 0.51 nmol CO2 mg hyphae-1 s-1 for control and N-amended 

plots, respectively (Fig. 3) and a mean of 0.40 nmol CO2 mg hyphae-1 s-1.  

 

Discussion 

The mean 41% reduction in AMF hyphal biomass with N-amendment found in this 

study using hyphal in-growth bags was very consistent with the mean 41% reduction in 

extraradical AMF biomass found using soil phospholipid fatty acid (PLFA) 16:1ω5c 

measurements for the same study sites in a different year (chapter 3).  

The decline of AMF hyphal biomass with N-amendment was significantly related to a 

decline in hyphal in-growth bag CO2 flux, which suggests that the decline in AMF hyphal 

CO2 flux is mainly controlled by the biomass of AMF mycelium present in the system. 

We corrected for artificially high CO2 fluxes from the bags after removal from the 

soil by subtracting the CO2 flux of blank in-growth bags. However, the linear relationship 

between hyphal biomass per sample bag and CO2 flux per sample bag had an intercept 

that was significantly different from zero, which suggests that some of the CO2 flux was 
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not related to AMF hyphal biomass. More factors thus seemed to be playing a role when 

measuring CO2 flux from hyphal in-growth bags that we were not been able to correct for 

using the blank bags. A possible explanation of an existing CO2 flux with very low 

amounts of AMF mycelium is the presence of other unmeasured microorganisms, 

respiring exudates from live hyphae, dead hyphae, or dissolved organic carbon from 

outside the bags. 

Our AMF hyphal biomass-specific CO2 flux was quite noisy when the hyphal 

biomass was lower than 1 mg. The minimum and maximum amounts of hyphal biomass 

per bag measured were 0.1 mg and 11.9 mg, with 40% of the bags containing 1 mg or 

less. This suggests that higher hyphal biomass per in-growth bag is needed to be able to 

make reasonable measurements of biomass-specific CO2 flux.  

A large range has been found in estimates of mycorrhizal biomass specific respiration 

rates, and our average estimated value of 0.4 nmol CO2 mg hyphae-1 s-1 seemed to be near 

the middle of this range (Table 1). One obvious explanation for the large range in values 

is the different measurement techniques applied. In addition, the large range that was 

found from this quick reference review shows that there is a need to organize and verify 

these findings on fungal biomass specific respiration rate, especially if we want to be able 

to use the estimated values to calculate fungal respiration on an ecosystem level. 

If for example we assume that our average AMF fungal biomass specific respiration 

of 0.4 nmol CO2 mg hyphae-1 s-1 is true and that the estimated hyphal biomass in our in-

growth bags is representative of AMF hyphal biomass found in a same volume of the 

soil, we can calculate the approximate contribution of AMF hyphae to soil respiration by 

multiplying the hyphal biomass in a bag by the average biomass specific respiration rate 

to get the respiration rate per bag. We then scaled this value (AMF hyphal respiration per 

bag (75 cm3) per second) up to a square meter soil to 10 cm depth to calculate AMF 

hyphal respiration in µmol CO2 m-2 s-1. We assumed here that most of the hyphal biomass 

is concentrated in the top 10 cm of the soil, which has been found for fine roots at our 

study sites. The resulting values ranged from 0.23 to 1.66 µmol CO2 m-2 s-1, and had an 

average of 0.78 µmol CO2 m-2 s-1. Using soil respiration values taken on the same day 

(varying from 1.9 to 4.3 µmol CO2 m-2 s-1) for these study sites this would results in an 8 
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to 63 % (mean of 29%) contribution of AMF mycelium to total soil respiration. This 

mean value is at least biologically possible although in need of independent verification.  

We also performed a similar calculation using the soil PLFA 16:1ω5c values 

measured in 2006 (Chapter 3) as a representative of AMF extraradical hyphal biomass. 

Values of PLFA 16:1ω5c are reported in nmol 16:1ω5c per gram of soil. By multiplying 

this value by bulk density of the soil, and scaling this value up to a square meter soil to 10 

cm depth we calculated the AMF hyphal biomass in nmol 16:1ω5c m-2 (and 10 cm deep). 

We then used our estimated value of 1.3 nmol 16:1ω5c mg-1 dry hyphae to calculate mg 

of hyphae m-2. This value was then multiplied by the hyphal biomass specific respiration 

rate (0.4 nmol CO2 mg hyphae-1 s-1) to get hyphal CO2 flux values per m-2 s-1. This 

resulted in AMF hyphal CO2 fluxes varying from 42 to 210 µmol CO2 m-2 s-1, and a mean 

of 86 µmol CO2 m-2 s-1, which would represent from 1680 % to 7330 % of total soil 

respiration.  

The former is at least a plausible estimate of AMF hyphal respiration rates, whereas 

the latter indicates a problem with the calculations. Either the PLFA method did not 

estimate total AMF hyphal biomass correctly or our values of AMF hyphal biomass 

specific respiration rates are unrealistically high. However, our respiration results are in 

line with those found for ectomycorrhizal basidiomycete sporocarps (Carrie Andrew, 

personal communication) which do not suffer from any of the potential methodological 

artifacts found in the present study. The estimates of AMF biomass using PLFA could be 

inflated because this PLFA biomarker can also be produced by bacteria. Further work 

will be needed to determine the AMF contribution to soil respiration.  

In conclusion, hyphal in-growth bags used in this study gave a good estimate of the 

relative differences in AMF hyphal net annual hyphal biomass production between 

control and N-amended plots. Hyphal in-growth bag CO2 flux was overall decreased by 

N-amendment by 18% and 7% depending on the correction factor used, but this decrease 

was not significant. Hyphal in-growth bag CO2 flux was also positively related to hyphal 

biomass, suggesting that our measurement technique is sensitive enough to measure 

fungal hyphal respiration rates. The observed trend of a decreased hyphal in-growth bag 

CO2 flux with N-amendment at some of the sites could possibly explain some of the 



 

87 

decrease found in soil respiration with N-amendment. AMF hyphal biomass-specific 

respiration rate (nmol CO2 mg hyphae-1 s-1) was found to be in the middle of the range of 

hyphal biomass-specific respiration rates found in other studies. Depending on the 

method used, when we tried to estimate the contribution of AMF hyphal respiration to 

total soil respiration by scaling to a soil volume level, both realistic and unrealistic CO2 

fluxes were observed. More studies are therefore needed to estimate both AMF hyphal 

biomass-specific respiration rate and AMF mycelial biomass in the soil, and to 

understand the true contribution of AMF mycelium to soil respiration. 
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Table 1 Comparison of mycorrhizal fungal biomass specific respiration rates found by different  

studies. 

AMF, arbuscular mycorrhizal fungi; EMF, ectomycorrhizal fungal 

 

Study reference Fungal structure CO2 flux (nmol CO2 mg hyphae-1 s-1) 
Heinemeyer et al., 2006 AMF hyphae 2.9 * 10-9 to 1.9*10-7 
Ettema et al., 1999 EMF hyphae 3.9*10-5 
Eltrop & Marschner, 1996 EMF hyphae 0.0805 to 0.223 
Malcolm et al., 2008 EMF cultures EMF 

EMF hyphae 
10 * 103 to 15 * 104 
24 * 103 

Rygiewicz & Andersen, 1994 EMF sporocarps 11 * 103 to 16 * 103 
C. Andrew (personal communication) EMC sporocarps 0.05 to 0.25 
Our study AMF hyphae 0.4 
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Fig. 1 Locations of the study sites (A-D) in Michigan. The inset shows the location of Michigan 

(filled area) within the USA. 
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Fig. 2 Linear regression of moisture content and CO2 efflux of all blank in-growth bags designed 

to correct for ambient CO2 efflux of buried hyphal in-growth bags. 
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Fig. 3 Linear relationship between hyphal biomass per sample in-growth bag and CO2 efflux per 

sample in-growth bag per treatment. Open circles, control plots; closed circles, N-amended plots. 

Dashed regression line, control plots; solid regression line, N-amended plots. 
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Fig. 4 Mean hyphal biomass extracted from hyphal in-growth bags for the four study sites by 

treatment (open bars, control; closed bars, N-amended) expressed as g hyphae per m3 sand. Error 

bars indicate 1 SE of the mean. 
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Fig. 5 Mean corrected arbuscular mycorrhizal hyphal CO2 flux (nmol CO2 bag-1 s-1) after 

correcting for a) blank bag CO2 flux and b) blank bag plus non-hyphal CO2 flux for the four study 

sites by treatment (open bars, control; closed bars, N-amended). Error bars indicate 1 SE of the 

mean. 
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