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ABSTRACT 

AMMONIFICATION, NITRFICATION AND DENITRIFICATION IN THE 

FORESTED ECOTONE OF A SMALL, OLIGOTROPHIC LAKE 

IN ALGONQUIN PARy ONTARIO 

AlIisoo Jane Back 
University of Guelph, 1997 

Advisor: 
Professor A M, Gordon 

Inorganic nitrogen production rates (ammonification, nitrification) were 

determined across an intact forest-lake ecotone of a smali, oligotrophic source lake in 

Central Ontario by incubating homogenized organic horizon soil in polyethylene bags in 

situ dong transects oriented perpendicular to shore. Riparian zone nitrogen removal 

through denitrification was estimated in situ using the acetylene block technique on intact 

organic horizon soii cores. Low nitrification (1 pg-g-l-d-l) and Iower, infiequent 

denitdication (0.03 pg-g-l*d-') suggest that soil NOrN accumulation and subsequent 

uptake by other sinks is negligible, but that vegetation, microbes and the receiving lake act 

as sinks for the majority of the NO* produced. High net nitrogen mineralization 

(1 emphasizes both the extent of terrestrial nitrogen turnover and that the 

potential for lake nitrogen transfer is considerable. Ecotone structural modification may 

alter the highly conservative nitrogen cycling nature of the soif, and could ultimately lead 

to eutrophication of the receiving lake. 
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INTRODUCTION 

Many land management activities alter the physical characteristics of landscapes 

(Tuner, 1989). Aithough naturai spatial patterns observed within a landscape are known 

to influence important ecological processes (Turner, 1989), their explicit effects and the 

impact that manipulations have on these processes have not been well studied. For 

example, substantial loading of nitrogen to aquatic systems (Krause, 1982) and subsequent 

eutrophication has been observed foliowing the alteration of adjacent terrestrial 

components (Likens and Bormann, 1974), yet the precise mechanisms involved in this 

respoose are not entirely understood. Before ecological processes can be Linked to 

landscape pattern, landscape structure and fiinction must be identified and quantified 

(Decamps and Nahan, 1990). Due to the lack of a common fiamework for describing 

fbndarnental landscape structural characteristics and ecological processes (Risser, 1990), it 

is difficult to detemine the specific landscape aspects that may influence ecological 

processes (Turner, 1989) and ment quantification. 

Landscapes can be conceptualized as matrices of several diverse but homogeneous 

components connected by heterogeneous transition areas (ecotones). Traditionally, 

research has emphasized the uniform areas, avoiding variable transitional areas and the 

cornplex interactions of these different components (Turner, 1989; Decamps and Naiman, 

1990; Risser, 1993). It is the nature of the ecotone itself and the patch-ecotone 

interactions however, that appear to infiuence severai major landscape-level processes 

Nsser, 1993). As a result, research has recently begun to examine ecological processes 



that are mediated by these conspicuous interfiaces in the context of whole landscapes 

(Risser, 1990). 

The ecotone concept has been refined considerably since its introduction by 

Clements in 1905 as a zone of tension where dominant species of adjacent communities 

reach their limits (Decamps and Naiman, 1990; Risser, 1993). Ecotones are now 

recognized not only as datic boudaries (Decamps and Naiman, 1990) but as fiinctional 

transitional zones integrated into the landscape (Risser, 1993), with unique sets of 

characteristics dehed by space and time scales and by the strength of interactions 

between adjacent ecological systerns (Risser, 1990). Both measurements and concIusions 

can be infiuenced by the scale at which studies are conducted, since landscape ecological 

structure and processes can be examined at various scales (Turner, 1989; Decamps and 

Naiman, 1990; Risser, 1990). Ecotone structural characteristics that are essential to 

fùnctioning and that may be usehl for recognition and manipulation must therefore be 

explored in the context of a specific ecotonai process and at a scale suited to that specific 

process (Risser, 1990; Risser, 1993). Riparian forests, marginal wethds, littoral lake 

zones and ground water-surface water exchange sites each represent a type of ecotone 

(Decamps et al., 1990; Decamps and Naiman, 1990) found at the aquatic-terrestrial 

interface of Scott Lake in Aigonquin Provincial Park. 

Over the last decade, research has recognized several important hnctionai roles of 

ecotones on landscape processes (Decamps et al., 1990) which have necessitated their 

reexamination in this regard (Decamps and Naiman, 1990). Ecotones can regulate the 

movement of materials across a landscape (Decamps and Naiman, 1990; Decamps et al., 



1990; Risser, 1990; Risser, 1993) and thus determine the general character of the 

landscape (Decamps and Naiman, 1990; Decamps et al., 1990). They also provide 

important habitat for specifïc bird and fish communities (Risser, 1990). Ecotones are also 

nutrient mediators for aquatic systems. NO3+ &N and organic nitrogen are mobile in 

subsurface water, and subsurface aquifers and underground mnoff are the source of most 

of the water contributed to lakes (Gilbert et ai., 1990). Intact land-water ecotones can 

regulate nutrient fluxes between terrestrial and aquatic systems by removing nitrogen that 

moves fiom upland terrestrial areas in the soii solution before it is deposited in adjacent 

aquatic systems (Hoiiand et al., 1990; Risser, 1990). For example, Lowrance (1992) noted 

decreasing NOS-N levels of 13, 1.8, and 0.8rng.~" at locations 55,45 and 5m fiom a 

Stream. Many others have aiso noted similar decreases in NO3-N in subsurface or 

groundwater flow as the riparian zone is approached (Lowrance et ai., 1984; Pete rjohn 

and Correll 1984; Pinay et ai., 1993; Schipper et ai., 1993). Suggested mechanisms of 

nitrogen interception include: a) microbiai uptake (Davidson et al., 1992; Stark and Hart, 

1997), b) vegetation uptake (Blank et al., 1980; Peterson and Rolfe, 1982), c) microbial 

conversion and atmospheric release through denitrification (Pinay et al., 1993; Schipper et 

al., 1993), and d) physicai adsorption (Odum, 1990; Risser, 1990). This generai regdatory 

mechanism is significant because of the potentid effect that nitrogen, especiaiiy in the form 

of NOî-N, cm have on aquatic communities (Coats et ai., 1976; Duda, 1982; Bisson et 

ai., 1992). The well-being of aquatic communities therefore depends on the state of 

bordering terrestrial systems (Decamps and Naiman, 1990). 



The majority of the information regarding nitrogen cycling in agricultural or forest 

systems has been obtained by studying the various nitrogen cycling processes individually 

(Klingensmith and Van Cleve, 1993) and by incubating soi1 in uniform areas or in the 

laboratory. This information may not be entirely applicable to the cornplex, highly dynamic 

and variable nature of ecotones (Gilliam et al., 1996). Cormack (1979) acknowledged the 

inability to precisely report and anaiyze in situ ecological processes commonly faced by 

researchers by noting that "biological reaüsm varies inversely with analytical tractability". 

The hydrological and nitrogen cycling processes involved can be studied at several spatial 

scales and are d icu l t  to understand and accurately quant*, especially in the field. As a 

result, there is a lack of comprehensive in siltr riparian forest nitrogen cycling studies 

(KLingensmith and Van Cleve, 1993) (Table I), and the specific factors controlling 

nitrogen cyciing in riparian areas as well as the relative contribution of the different 

interception mechanisms remain unclear (Vitousek et ai., 1982; Risser, 1990; Groffaan et 

al., 1992; Pinay et al., 1993). 

On-site descriptions of nitrogen cycling in intact forest-lake systems are especialiy 

underrepresented in the iiterature (Table 1). Current riparian research has instead 

concentrated on nitrogen cyciing in forest-stream transition zones (e-g. Lowrance, 1992; 

Pinay et al., 1993; Schipper et ai., 1993; Groflnnan et al., 1996). Knowledge of the 

behaviour of nitrogen in intact forest-lake ecotones wiil aid in determining the relative 

strength and potential of the various nitrogen sinks, and may also help in understanding, 

predicting and preventing the impacts of speci6c kinds of shoreline manipulations 

(Lowrance et al., 1984; Van Miegoet, 1995). This information wdl ultimately aid in 



Table 1. Methodological details of recent foresi ripanan zone nitrogen cycling studies. 

Reference Location Aquatic System ANALYSES UTILlZED 
N Content N Production Rate Denitrification Rate 

Coats et al., 1976 California Ward Creek -precipitation laboratory nitrification 

-soi1 wat er 
Krause, 1982 New brook -brook 

Brunswick -soi1 water 
-soi1 

Lowrance et al., 1 984 Georgia stream -precipitation in sittt N fixation 
œstream 

LA -soi1 water 
-soi1 

Ambus and Lowrance, 1991 Georgia stream laboratory estimate 

irt siltr estimate 

Lowrance, 1992 Georgia strearn -soi1 water 
-soi1 

potential estimate 

Groffman et al., 1992 Rhode Island stream -microbial biomass potential mineralization potential estimate 
and nitrification 

Pinay et al., 1993 France stream -soi1 water potential mineralkation hl sittr estimate, 
-soi1 potential estimate 

Schipper et al., 1 993 New Zealand stream -soi1 water il, sitrc estimate, 
-soi1 potential estimate 

Groffman et al., 1996 Rhode Island stream -soi1 water potential mineralization potential estimiite 
-soi1 and nitrification 
-microbial biomass 

Schnabel et al., 1996 Pennsylvania creek laboratory estimate, 
potentirl estirnate 



protecting water resources and fish populations by improving lake b a e r  zone 

management and maintenance guidekes. Average nitrogen cycling estirnates for specific 

landscape types require numerous independent local estimates, and the accuracy of the 

mean estimates depends on the representativeness of each of the Iocal estimates (Zak et 

al., 1991). Local (within watershed) nitrogen cycling and environmentai parameter 

variation may be quite significant and should be considered when evaluating ecotone 

nitrogen regulating capacity (Schipper et al., 1993). Its characterization is thus a necessary 

starting point- 

This in silu intact aquatic-terrestrial ecotone nitrogen cycling study begins to 

address the complex relationship between ecotone structure and its function as a lake 

nitrogen regulator, by examining the variability in ammonification, nitrification and 

denitrification rates with respect to several environmentai parameters suspected to 

influence these processes. Organic nitrogen may be increased foilowing disturbance and is 

the most prevalent fonn of nitrogen in water draining undisturbed forests (Sollins et al., 

198 1; Krause, 1982). Despite this, inorganic nitrogen (Ni&-N and N03-N) dynamics 

were investigated in this study, as a) plants mainly take up inorganic nitrogen (Biddey and 

Hart, 1989), b) NO3-N increases are usually more dramatic than those of organic nitrogen 

foilowing disturbance (Vitousek and Meiiilo, 1979; Krause, 1982), c) the effects of 

increased NOrN in aquatic systems are known to be detrimental whereas the impacts of 

increased soluble organic nitrogen have not been as extensively assessed. As 

ammonification and nitrification ultimately control the release of NO3-N, an understanding 

of the in situ spatial and temporal variability of these nitrogen cycling processes is the 6rst 



step necessary in understanding the flux of N03-N across riparian zones (Coats et al., 

1976; Lowrance et al., 1984). Several nitrogen interception mechanisms have been 

outlined in the iiterature and are kely to be active in the riparian zone. Denitrification was 

chosen for study because there was a high iiieühood that this process was active in the 

riparian zone (Lowrance et ai., 1984; Risser, 19901, it is relatively easily quantïfied, and it 

is one of the few interception mechanisms that acts to remove nitrogen fiom the terrestrial 

ecosystem (Pinay et al., 1993). 

The generai hypothesis is that ecotones act as regulators of nitrogen between 

adjacent communities. The objectives of this research were therefore to: 

1. describe in situ inorganic nitrogen release in the near-shore zone by characteripng: 

a) the variability in instantaneous Ni&-N and N03-N pool size 

b) the variabiIity in nitrogen mineralization products accumulated folîowing incubation 

c) the quantity of Wh-N, N03-N and net nitrogen produced 

d) the environmental parameters that influence inorganic nitrogen production rates 

2. describe in silu inorganic nitrogen interception through denitrification in the near-shore 

zone by character-g: 

a) the extent of denitrification 

b) the environmental parameters of influence to the denitrification rate 



LITERATURE REVlEW 

Transformations carried out by soil organisms are integrai to the cycliig 

and distribution of nutrients in the ecotone. The terrestrial soil nitrogen pool is continually 

replenished through nitrogen fixation, precipitation, and organïc matter inputs from above 

and below-ground plant and animar materid (Paul and Clark, 1 989). Living soi1 organisrns 

such as insects, Worms, severai species of bacteria, hngi and actinomycetes incorporate 

the organic matter that is deposited into a partially decomposed, porous, coiloidal, organic 

phase called humus. The organic nitrogen that is contained within humus is slowly 

released to the soil during subsequent decomposition reactions. Electrons fiom the organic 

materid are removed and transferred dong membrane bound electron transport chains to 

terminal electron acceptors (usually 0 2  because it has the highest redox potential), and this 

degradation process yields C a ,  water, energy and nutrient elements. Soi1 organisrns thus 

control the turnover of organic matter and can regulate the supply of nutrients to plants, 

other microbes and terrestrial and aquatic environments (Paul and Clark, 1989; Holland et 

ai., 1990; Odum, 1990). Several linked microbial nutrient cycling processes are important 

when considering ecotone nitrogen retention on a watershed scale (Davidson et ai., 1992). 

Ammonification 

During the breakdown of proteins, the peptide Links holding amino acids together 

are enzyniaticaiiy hydrolyzed. Enzymatic deamination of the individual amino and nucleic 

acids then leads to the release of Pi&-N ions. These processes are carried out by rnany 

types of generai purpose, heterotrophic bacteria (Brady, 1984). There are several 



pathways for the N&-N ions that are released during ammonification, and they are 

described in the following sections. 

Nitrification 

Nf4-N cm be oxidiied to NOrN by two groups of special purpose bacteria 

during the two-step nitrification process. NH&N is first enzyrnatically oxidized to NOrN 

by Nitrosornonas species. Unstable NOrN is then rapidly oxidized to NOrN by 

Nihobacter species. Hydrogen ions produced during nitrification displace cations from 

soil exchange sites (Krause, 1982), and can increase soil acidity (Brady, 1984). 

Autotrophic nitrifiers are obligate aerobes and derive the majority of their energy through 

these NI&-N oxidations, obtaining carbon fkom CO2 or carbonates (Brady, 1984; Paul 

and Clark, 1989). Other soil organisms such as heterotrophic bacteria, tiuigi and 

actinomycetes (Arthobacter, AspergiIZz~s, Penicilliim) are ais0 able to oxidize nitrogen 

compounds (Blew and Parkinson, 1993) through a slightly different pathway that does not 

generate energy, but their contribution to the NO3-N pool is uncertain (Brady, 1984; Paul 

and Clark, 1989). 

Although nitrification is one of the most sensitive soil reactions to pH, nitrification 

can proceed in acid forest soils, and has been attributed to either alkaline microsites or the 

activity of less sensitive heterotrophic nitrifiers (Paul and Clark, 1989). Nitrifier species 

are also strongly iduenced by changes in moisture, aeration and temperature, and 

Nitrobacter species are inhibited by high levels of W - N  in alkaline soils (Brady, 1 9 84). 

As NO3-N is known to be damaging to aquatic systems (Coats et al., 1976; Duda, 1982; 

Bisson et ai., 1992), and as this ion is highly mobile in the soii solution (Reddy, 1982), the 



fate of NO3-N ions produced in terrestriai ecosystems through nitrification is cmciai to the 

health of bordering aquatic ecosystems. 

Other NHs-N Sinks 

Piants and soii organisrns require nitrogen for tissue synthesis, and energetically, 

W - N  is relatively easiiy incorporated into ce1 constituents (Jones and Richards, 1977). 

However, its positive charge sometimes l ads  to its adsorption to negatively charged 

tesistant soi1 organic compounds or soi1 aggregates (Brady, 1984; Paul and CIark, 1989). 

Unadsorbed m - N ,  fiequently found in decaying vegetation, can also undergo 

volatiliation (Paul and Clark, 1989), especiaily at high pH. Each of these processes 

reduces precursor N&-N for nitrification, and thus decreases the amount of NO3-N that 

could potentially leach to or accumulate in other watershed locations. 

Denitrification 

Denitrification can decrease groundwater and aquatic ecosystem contamination 

(Tiedje et al., 1989) by converting N03-N to severai gaseous forms of nitrogen and 

releasing it to the atmosphere before it is deposited as NO3-N into adjacent aquatic 

communities. This process is canied out by a wide range of mainly heterotrophic 

microorganisms (Beauchamp et al., 1989) such as Pseudomonas, Bacillus, and 

Alcaligenes that gain energy by coupling nitrogen substrate reductions to carbon substrate 

oxidations when oxygen is not available for reduction (Paul and Clark, 1989). Specificaily, 

nitrogenous oxides (NO3-N and NOrN) are reduced to dinitrogen gases (Nz and NzO) 

(Tiedje et al., 1989). The denitrscation pathway contributes only 60% of the energy that 



oxygen respiration provides (Tiedje, 1988), and restricts microorganisms to fewer 

rnetabolizable carbon substrates (Beauchamp et ai., 1989). Denitrifiers are therefore 

facultative anaerobes, only resorting to the N O r N  reduction pathway at times when 

oxygen is limiting (Brady, 1984). These organisms are very weU adapted to temporary 

conditions, and are able to rapidly multiply and synthesize d e n i m g  enzymes in 

response to soi1 microenvironmentai changes (Davidson and Swank, 1986). The process 

consumes H30' ions, so it may lead to increases in pH (Davidson and Swank, 1987). 

Certain bacteriai strains can completely reduce N03-N to N2, but partial 

denitrification is also cornmon, and may be due to imbalances in substrate intermediates, 

inhibitory pH or aeration conditions (Sahrawat and Keeney, 1986), enzyme induction rate 

differences, or the incapability of certain bacterial strains to synthesize all of the necessary 

reducing enzymes (Beauchamp et al., 1989; Paul and Clark, 1989). Partiai denitrification 

results in the production of gaseous N20. N O r N  is an intermediate in several other 

pathways such as nitrification, assimilatory NOS-N reduction, dissimilatory NO3-N 

reduction and certain chemical reactions (Sahrawat and Keeney, 1980; Martikainen and 

De Boer, 1993), and under conditions of low aeration, NOrN fiom these other pathways 

cm also be reduced to gaseous N20 using s i d a  enzyme systems, removing nitrogen 

from terrestriai ecosystems. 

A very precise combination of requirements must be met in order for denitrification 

to proceed. As the process is enzyme mediated, the rate of the reaction is usually 

determined by the concentration of substrate (NO3-N) (Paul and Clark, 1989). Most of 

the organisms capable of denitrification are heterotrophic, and thus the reaction is aIso 



highly dependent on the availability of metabolizable carbon (Paul and Clark, 1989). 

Decomposition of carbon is important both for providing electrons and energy, and for 

generating CO2, reducing 0 2  and increasing the demand for N O r N  as the alternative 

electron acceptor (Paul and Clark, 1989). The lack of O2 in the soii environment is crucial, 

as denitrifiers prefer 0 2  reduction over denitrification. As water controls the diffiision of 

Oz through the soii environment, sufficient saturation is also necessary to Iimit microbiai 

access to 0 2  and encourage NOsN utilization. In addition, the denitrification rate slows 

as pH decreases (Paul and Clark, 1989). The combined conditions of high organic rnatter, 

waterlogged soii and ample N03-N that are critical for denitrification are most likely to 

occur in riparian zones as compared to other areas of the watershed (Lowrance et al., 

1984; Risser, 1990). These environmenta1 conditions are deterrnined by the soi1 

topography, hydrology and vegetation of the nparian area (Pinay et al., 1993) which are 

highly variable, and thus denitrification bas also been found to be highly variable both 

temporally and spatiaily (Parkin et ai., 1987; Robertson et al., 1988). 

Other NO1-N Sinks 

N03-N cm undergo assimilatory reduction, whereby it is taken up by plants and 

soi1 organisms, reduced to N W N  and used to synthesize amino acids and cellular 

constituents (Brady, 1984; Paul and Clark, 1989). N03-N can aiso undergo dissimilatory 

reduction. In the absence of 0 2  and under highly reducing conditions, N03-N is used as an 

electron acceptor and is reduced to M - N  (Brady, 1984; Paul and Clark, 1989). As weli, 

NOS-N can be chemicdy reduced through severai non-enzymatic pathways under aerobic 

conditions (Paul and Clark, 1989). These reduction mechanisms are poorly understood 



(Brady, 1984). Any NO& that bypasses these sinks could potentidy be leached to other 

watershed locations, 

Inorganic Nitroeen Partitioninq 

The magnitude and rnechanisms of inorganic nitrogen attenuation, and the 

fùnctionat changes that occur due to forest cleahg are not likely to be uniform for al1 

ecotones, or even within a single ecotone (Schipper et al., 1993; Giiliam et al., 1996). 

Variation in NOrN flow and interception in forested riparian areas may be due to their 

characteristically high spatial variation in other parameters that influence cycling processes 

such as hydrology, soils and vegetation (Warwick and Hill, 1988; Cooper, 1990; Risser, 

1990; Giiiiam et al., 1996). For example, Lowrance (1992) and Groffian et al. (1992) 

noted that denitrification was oniy important when the water table was in contact with the 

carbon- and microbe-rich upper soii Iayers, and that for the most part, nitrogen uptake was 

accomplished by roots. Fluctuations in water table depth thus determine the kinds of 

microbial processes that can occur, as well as the overall magnitude of denitrification 

(Groffhan et al., 1992). Others have also noted bief pulses of denitrification following 

rain events (Robertson and Tiedje, 1984; Klingensmith and Van Cleve, 1993). It was 

emphasized by Lowrance (1992) that aIi of the components of the riparian zone, and not 

just the occurrence of penodic flooding were important to the regdatory role of nitrogen. 

The quality of litter inputs can intluence inorganic nitrogen partitioning. Substrates 

with wide C:N ratios tend to increase the amount of microbiai immobilization (Brady, 

1984). Seasonal constraints dso d e t e d e  the dominant NOrN si& (Groffman et al., 

1992). Plants and microbes both have a strong affhïty for nitrogen (Groffman et al., 



1992), but in early spring when plant activity is minimal (Klingensmith and Van CIeve, 

1993; Pinay et al., 1993), microbes are promoted as the more dominant sink for nitrogen. 

The amount of inorganic nitrogen that accumulates in the soil solution also depends on the 

growth requirement of microbes (Brady, 1984). 

The potential of the soil for nitrification rnay influence N03-N dynarnics. Krause 

(L 982) noted high NO3-N losses afler clearing of an upland hardwood forest that 

demonstrated a Iarge potential for nitrification in comparison to a lowland soflwood 

forested area that had low overall N03-N losses foliowing clearing. Forest characteristics 

can influence nitrogen partitionhg and the potential for nitrification and NO3-N 

accumulation. Soils under mature forests generally are N&-N dominated, and lack Iarge 

accumulations of NO3-N (Robertson, 1982; Paul and Clark, 1989; Davidson et al., 1992). 

This has been attributed to several factors. Over tirne, difFerent kinds of organic 

compounds either present in litter deposited on the forest floor or produced directly by 

plants may reach levels that are toxic to nitrifiers (Rice and Pancholy, 1973; Paul and 

Clark, 1989). In addition, as forests age, competition for NJ&-N between plant roots and 

soi! organisms intensifies. Since it is energetically more favourable for plants and microbes 

to assimilate N&-N as opposed to NO3-N (Rice and Pancholy, 1973; Jones and 

Richards, 1977), there rnay not be adequate W - N  substrate available for nitrifiers (Paul 

and Clark, 1989). Studies by Davidson et ai. (1992), Hart et al. (1994) and Stark and Hart 

(1997) have emphasized that microbial imrnobilization of N03-N in forest soils can be 

quite substantial, and as this pathway for N03-N cannot be quaatified using most 

conventionai incubation techniques, it may conceal the true degree of nitrification that is 



actuaiiy occurring. However, Paul and Clark (1989) point out that even modest amounts 

of Na-N, comrnon in mature forests (Robertson, 1982) repress the enzymes required for 

N03-N reduction in this assimilatory pathway. 

The relative importance of the different NO3-N sinks can Vary spatidy and 

temporally, both within a single ecotone and among Merent ecotones (Gdliarn et al., 

1996). An understanding of the variation associated with these attenuation mechanisms 

could aid in detennining the long-term nitrogen regulating capacity of ecotones, and in 

developing riparian zone management strategies (Groffman et al., 1992). Locations that 

are continually receiving carbon (Giiam et al., 1996) or Nû& inputs or where the 

dominant sink for NO3-N is denitrification coutd be more effective long-term buffèr zones 

than those that are dominated by plant and microbial NO3-N uptake. This may be because 

of the ternporary nature of living plant and microbial sinks. Plant- and microbe-assimilated 

NO3-N can subsequently be retumed to the soi1 as litter and rernineralized (Vitousek and 

Reiners, 1975), whereas denitrification releases NOsN h m  the terrestrial system to the 

atmosphere. As well, living plant and microbe sinks have a greater potential for saturation 

(Aber, 1992). 

Factors Influencing Nitrogen Cycling Rate 

Soil Moisture Content 

The moisture content of the soi1 influences and is iduenced by several factors. 

Since oxygen diffusion through water is rnuch less rapid than difhsion through air, its 

movement is more restricted and anaerobic conditions are more likely in wet soils (Paul 

and Clark, 1989). Soil aeration status determines the microbiai processes that c m  occur, 



and thus dso influences nutrient availability. Ammonification and nitrification are 

oxidative, aerobic processes, whereas denitrification only proceeds in the absence of 

oxygen. Denitrifier activity (as evidenced through Nfl accumulatioo rate) has commoniy 

been found to increase immediately foilowing rain events (Robertson and Tiedje, 1984; 

Kiingensmith and Van Cleve, 1993), emphasizing the influence of soi1 moisture content on 

aeration and microbial activity. 

Water is a dominant vector for the movement of materiais (Gilbert et al., 1990), 

and hydrologic conditions can sornetimes control the distribution of materials. For 

example, nutrients such as NOrN can become more concentrated and diffuse less rapidly 

in dner soils than in more saturated soils (Brady, 1984; Paul and Clark, 1989). In 

saturated soils, the difision of both NO3-N ions and soluble carbon is promoted, and this 

can act to stimulate denitrifier activity (Keeney, 1980; Vermes and Myrold, 1992). The 

rate of water movement across upland-wetland ecotones as surface or groundwater flow 

cm influence the abiiity of the ecotone to retain and transform nutrients (Holland et al., 

1990; Gilliam et al., 1996). When large amounts of water move quickly through the 

ecotone, there is less contact t h e ,  less vegetation and microbial assimilation, and hence 

less overail NOrN removal. 

Soi1 Tem~erature 

Soi1 temperature can influence microbial activity and hence nitrogen availability 

levels directly by affecthg microbial physiology. At extremely high temperatures, 

membrane permeability changes due to protein denaturation, whereas at very low 

temperatures, protein structures are weakened and undergo conformational changes (Paul 



and Clark, 1989). ks substrate movement and many important biological reaaions are 

intimately related to the intracellular membranes of microbes, these temperature-induced 

changes to their structure infiuence their general abitity to fiindon and efficiently process 

materiais. Temperature can also indirectly control reaction rates through its influence on 

several soil-related parameters such as water stmcture and the d i s i o n  and solubility of 

certain molecules such as O2 and N a  (Bfackmer et al., 1482; Paul and Clark, 1989). The 

high specific heat of water causes the temperature of wet soils to fluctuate less than in 

dner soils (Paul and Clark, 1989). This is because large amounts of energy are required to 

break the hydrogen bonds that join water molecules together, and so Little energy is 

available for heating of soi1 particles and molecular movement (Curtis, 1979). 

Vegetation 

The physiologicai makeup of plants also infiuences microbial activity. The rate at 

which nitrogen is assimilated, translocated and eventually released from vegetation can 

determine the types and rates of microbial transformations that occur in soil (Pieczynska, 

1990). If plants rapidly take up the majority of the M-&-N that is released to the soil 

through ammonification, little will be available for nitrifiers, so it is likely that nitrification 

rates wiH be low. Plants also exert some control over litter quality and hence microbid 

transformation rates (Vitousek et ai., 1982). For example, on nutrient-poor sites or when 

the nitrogen demand of the plant is high, more nitrogen reabsorption from leaves occurs 

before they are dropped, contributhg Lower qudity litter and thus iess nitrogen to soil 

microbes. As well, plant residues fiom different species have differing proportions of 

phenolic compounds, lignin and protein (Paul and Clark, 1989) which cm influence the 



rate of degradation, and the amount of available nitrogen. The 'low-base-containing' 

needles of coniferous species prornote acidic conditions and decrease organic breakdown 

rates and nitrogen release (Brady, 1984). Vegetation can aiso influence nitrogen regulation 

within the ecotone by physically decreasing the velocity of water and increasing its contact 

time with plant roots and microbes (Holland et al., 1990; Odum, 1990; Risser, 1993). 

Disturbance 

The ultimate consequences of shoreline development and alteration have been 

oudined by many researchers (e.g. Likens and Bormann, 1974; Krause, 1982). 

Accelerated arnmonification and nitrification rates in the soils of affected terrestrial areas 

have been noted and attributed to severai factors such as: a) increased soil moisture and 

temperature following canopy rernovai due to less shading and water uptake (Lundgren, 

2982), b) increased frequency and intensity of wetting and drying cycles (Campbell et al., 

1971), c) increased substrate availability for microbes due to decreaed plant uptake 

(Lowrance et ai., 1984), and d) decreased cornpetition between soil organisrns for 

resources (Vitousek et ai., 1982). 

Increased rates of inorga.uk nitrogen release in terrestrial areas that are adjacent to 

aquatic systerns can lead to larger contributions of nutrients, especially N&N (Wousek 

et ai., 1982) to groundwater and stream ninoff (Krause, 1982; Grof£inan et al., 1992). 

Disturbance aiso alters the structurai integrïty of the ecotone. Al1 of the excess N O s N  

that is produced may not be able to be processed, either because under higher nutrient 

loading, certain NO3-N sinks within the ecotone have become saturated (Hoiland et al., 

1990), or because the structural changes to the ecotone (e-g. removal of vegetation) have 



decreased the overall uptake capacity of certain NOrN sinks such as plants (Lowrance et 

al., 1984). These combined effects result in nitrogen mineralization in excess of ecotone 

utilization (Vitousek and Reiners, 1975), and the potential loading of more NO3-N to the 

adjacent aquatic system. This may have significant ecological effects to receiving waters 

(Davidson et al., 1992). The eggs of certain fish species are sensitive to Iowered pH Ievels 

due to elevated NO3-N levels (Bisson et al., 1992). In addition, a lake's productive 

capacity depends on the supply of nutrients it receives fiom the surroundhg watershed 

(Fraser, 1963). Increased input of growth-stimulating nutrients such as N03-N to aquatic 

systems can increase their primary productivity (Coats et al., 1976), alter foodwebs, and 

contribute to eutrophication (Duda, 1982). 

Other less direct types of disturbances can also alter nitrogen cycling. It is 

becoming increasingly difficult to find temperate forest regions that are free from human 

influences (Hedin et al., 1995). Inorganic nitrogen levels in streams draining temperate 

forests with increased atrnospheric deposition of nitrogen due to anthropogenic activity 

are generally higher than in areas with lower rates of atmospheric input (Hedin et al., 

1995). This response depends on the age of the forest. Younger forests have a p a t e r  

demand for nutrients, and generally show stronger retention of externally added nutrients 

than do more easily saturated old-growth forests (Vitousek and Reiners, 1975; Aber, 

1992). 

The ecologicai responses that have been repeatedly observed with respect to 

nitrogen cycling following manipulation of the land-water interface have been used to 

illustrate the fùnctional significance of ecotones within the landscape. An understanding of 



nitrogen cycling in undisturbed systems is prerequisite for both explaining disturbance 

effects, and for developing and implementing effective management techniques in order to 

maintain the ecological integrity of forests and their receivuig waters (Lowrance et al., 

1984). Moa studies have assurned that a 10-30m wooded b a e r  zone is ideal, however 

ecotone research is currently concentrating on determinhg the appropriate vegetation 

types and width requirements that are needed in order to maintain their proper tiinctioning 

with respect to NOrN dynamics (Gilliam et al., 1996; Schnabel et al., 1996). 

Arnmonification and Nitrification Estimation Usine Polyethvlene Bap Incubations 

Detemiinhg the soil solution composition fiom field-moist samples can provide an 

index of nutrient bioavailability, and for in-field assessments, soil incubation in plastic bags 

(Boemer and Koslowsky, 1989; Zak and Pregitzer, 1990; Boone, 1992; Humphrey and 

Pluth, 1 996) is the most widely used technique (Binkley and Hart, 1 989). This is partly 

because buried bags expose the incubating soii to natural diumal changes in field soil 

temperature (Eno, 1960). In addition, certain thicknesses of polyethylene (cg.  0.020mm) 

are permeable to oxygen and carbon dioxide (Gordon et al., 1987), but impermeable to 

NO3-N (ho, 1960), and therefore aerobic conditions are maintained yet losses of 

nitrogen through leaching and plant uptake are prevented. By excluding leaching and plant 

roots as cornpetitors for inorganic nitrogen, however, polyethylene bags may alter in situ 

nitrogen cycling processes (Hoimes and Zaic, 1994). The method may cause artificially 

large nitrogen accumulations, therefore leading to either enhanced reimmobilization by soil 

microbes (Hart and Firestone, 1989; Davidson et al., 1992), or increased nitrification, as 

more N&-N is available for use by contained nitrifying organisms (Zak et al., 1986). 



The moisture content of contained soii is held relatively constant throughout the 

incubation period (Eno, 1960) due to the impermeability of polyethylene to HD (Gordon 

et ai., 1987). Buried bags thus also alter in siru wetting and drying cycles, which may 

affect microbial biomass dynamics (Holmes and Zak, 1994). The ion exchange resin bag 

technique appears more attractive in this respect as it aliows moisture to fluctuate 

throughout the incubation period. The specifïc factors responsible for the nitrogen 

availability patterns observed using this technique cannot be identified however, because 

the resin bag does not exclude microbe and plant competition for nutrients (BinkIey and 

Hart, 1989). BinkIey et al. (2992) compared the resin core technique to buned bags and 

found no difference between the two methods. A study by Knoepp and Swank (1 995) 

compared in situ buried bags to tension Iysimetry and in situ covered cores and concluded 

that ail three methods were adequate for ident@ng daerences in nitrogen transformation 

rates. They cautioned however, that the rates obtained by different methods may not be 

comparable, as the methods were poorly correlated to one another. 

Hart et al. (1994) pointed out that most forest nitrogen cycling studies are based 

on estimates of pool size, which only denote net rates and "..,represent the sum of 

competing consurnptive and productive processes" (Hart et ai., 1994). Net rates cm be 

used to, determine times when the demand for inorganic nitrogen by microbes exceeds 

production, but they are not usefui in explainhg microbial biomass nitrogen dynamics 

(Davidson et al., 1992). When gross inorganic nitrogen production rates cm be obtained, 

they often differ from net rates (Davidson et al., 1992; Hart et ai., 1994), and may be more 

indicative of true in sihc nitrogen cycling dynamics. Hart and Fiestone (1989) stated that 



in order to most accurately estimate inorganic nitrogen supply rate, '%J studies should be 

used in combination with incubations. Davidson et aL (1992) have outlined an ''N tracer 

method for determinitg gross rates of minerdization and nitrification; however these types 

of tracer studies are expensive, time consuming and are sometimes not desirable for use in 

undisturbed, pristine environments- 

Denitrification Estimation Usine Acetylene-Block 

The deveiopment of rnethodologies for the accurate estimation of in situ 

denitrification bas proven to be complicated and diflticult due to the nature of the main 

product (N2) and the primary substrate (NO3-N) (Tiedje et al., 1989). In addition, the 

denitrification process itself is dynamic and highly variable in space and time (Parkin et al., 

1987), with coefficients of variation for denitrification at least four times as great as those 

of other nitrogen cycling processes (Robertson et al., 1988). Parkin et ai. (1984) found 

coefficients of variation of greater than 70% arnong cores collected within the same m2- 

N03-N removai in riparian zones has often been attributed to denitrification, but few 

studies have actuaily quantified denitdication as a NO3-N sink in forests (Memll and Zak, 

1992), and even fewer studies have directly measured in situ rates, especially in riparian 

areas (Table 1) (e-g. Pinay et ai., 1993; Schipper et ai., 1993). Numerous laboratory 

studies have rneasured potential denitrification rates by providing bacteria with an 

appropriate medium for growth or have measured the active denitrifymg population using 

most probable number counts (MPN) or denitrification enzyme anaiysis (DEA) (Schipper 

et al., 1993). These techniques can be usefiil for understanding denitrifier populations, but 

cannot accurately estimate in situ nitrogen losses (Vermes and Myrold, 1992). For 



example, field denitrification rates that have been observed generally represent ody a small 

fiaction of those that have been estirnated in the laboratory (Klingensmith and Van Cleve, 

1993; Pinay et al., 1993; Schipper et al., 1993). 

These findings have demanded the development of alternative, less direct methods 

of estimation of denitacation for use in field experùnents, several of which are listed in 

Tiedje et al. (1989). Ofthese techniques, acetylene inhibition is one of the most 

econornical and reliable (Tiedje et al., 1989). Nitrous oxide reductase, the enzyme which is 

responsible for the final denitrification step (the conversion of N20 to Nz), is sensitive to 

acetylene gas (Paul and Clark, 1989), as it has been shown that N20 accumulates when 

soi1 containing NOrN is incubated in the presence of acetylene (Yoshinari and Knowles, 

1976; Ryden et al., 1977). This is convenient, as small hcreases in N20 concentration in 

the presence of acetylene in closed systems can be quantified and attributed to 

denitrification. 

There are several key advantages to using this method. The naturai NO3-N 

substrate pool is used, thus the substrate distribution is not altered and rates of the natural 

process can be estimated. A large number of samples cm be rapidly tested, to allow for 

the large variation associated with the process. The cost of the method and analysis is low 

relative to "N methods, yet both achieve comparable results (Parkin et al., 1985; Mosier 

et al., 1986; Paul and Clark, 1989). in addition, the method is versatile, which allows 

study in remote field sites (Tiedje et al., 1989). The main disadvantages of the method are 

that acetylene inhibits nitrification (Walter et al., 1979; Martikainen and De Boer, 1993), it 

can biodegrade ifexposed to the denitriQing population for longer than one week (Terry 



and Duxbury, 1985) and if it is not added in sufficient concentrations, inhibition cm fail if 

the concentration of NO3-N is low or the organic matter content is high (Tiedje et al., 

1989). Acetylene also contains contaminants such as CO and acetone that c m  act as a 

carbon substrate for denitrifiers (Beauchamp et al., 1989) and thus may artificially inflate 

estimates if used unpurified (Tiedje et al., 1989). In addition, the dispersa1 of acetylene, 

recovery of NzO and water solubility of NzO can lead to inaccuracies (Tiedje et al., 1989). 

Nitrification inhibition is the only unavoidable obstacle of the method, and is especially a 

problem in natural ecosystems where NO3-N becomes rate limiting due to very low 

concentrations (Tiedje et al., 1989). 



STUDY SITE 

The study was conducted within the Scott Lake watershed. Scott Lake (45'29' N 

lat., 78'43' W long.), is a srnail (27.5 ha) oiigotrophic headwater lake, at 475 m as.[., 

located within the Swan Lake Forest Research Reserve in the southwest corner of 

Algonquin Provincial Park, Ontario, Canada The park is situated in centrai Ontario, 

between Georgian Bay and the Ottawa River. The Scott Lake region lies in the B3 wet 

humid (Thomthwaite) moisture region of the province (Hills, 1959), and experiences 860 

to 9 1Omm of precipitation and approximately 100 fiost fiee days annudly (Brown et al., 

1974). Gross aboveground nitrogen inputs are estimated to be 4.8kg.ha-'-yr-' (Gordon, 

1983). 

The watershed basin of the lake is approximately 75 ha, and has been characterized 

as the Sherbome landtype (Hills and Brown, 1955). Shailow, stony, silty sand covers 

Precambrian granitic bedrock in this upland, moderately roiling area (Hills, 1959). The 

western shore of the lake consists of a prominent drumlinoid. Well-drained loamy sands 

and sandy Ioarn brunisols comprise the top of this drumlin, while a thin A horizon over a 

weak iron-humus B and some motthg comprise the podsols of the bottom (Hius and 

Brown, 1955). The topography of the shoreline is highly variable, with rocky outcrops and 

steep slopes in some areas, shdlow-sloped bays and inlets in others, as weii as occasional 

smail wetland areas situated in protected bays. 

Coniferous species such as Tsuga canadensis (L,.) Carr. (eastern hernlock), Thuja 

occidentalis L. (eastem white cedar), Pinus sirobus L. (white pine), and Abies balsamea 

(L.) Mill. (balsam tir) border the lake and form a ring around the lake 0-90m i d e .  Behrla 



aiZeghaniensis Britt. WeUow birch) and Acer mbmm L. (red maple) are also found 

scattered throughout this conifer ring. The more upslope areas of the watershed are 

dominated by deciduous species such as Acer saccharum Marsh. (sugar maple), Fagus 

grandifilia Ehrh. (Amencan beech) and Betula aiieghaniensis. 



FIELD METHODS 

AMMONIFICATION AND MTRIFlCATION 

Aspects of soil nitrogen dynamics in the near-shore ecotonal zone were 

investigated through in situ incubations of forest soil. As ammonification and nitrification 

are largely aEected by microenvironmentai conditions (Binkley and Hart, 1989; Paul and 

Clark, 1989), soil was incubated in polyethylene bags in the field in order to obtain 

representative rates of these aerobic microbiai processes. 

At each sarnpïe site, an intact block of soil (approximately 20 cm x 20 cm surface 

area) encompassing the entire organic horizon was sampled, and based on colour and 

consistency, ail traces of mineral soii were removed. Mineral soil was separated fiom the 

organic layers because mixing of horizons would have precluded accurate estimation of 

the quantity of minerai nitrogen by horizon (Thorne and Hamburg, 1985). After the 

uppermost intact titter layer had been removed, the rernaining organic layers were quickly 

mixed until homogeneous in order to reduce variability among subsamples (Gordon, 1986; 

Binkley and Hart, 1989). Salonius (1978) found that only slight enhancement of microbial 

activity occured d e r  rnixing fiesh organic horizon layers. Large roots, rocks, and other 

sharp objects were removed to rninimize damage to the bags. Two polyethylene bags, 

0.025mm thick (1.Omil) (Shortreed Papcr, Inc., Guelph, Ontario) as recommended by 

Gordon (1988) were filled with Gst-sized arnounts of the organic mixture, flattened to 

approximately 3cm and seaied with twist-ties. The flattening action removed excess air 



which rninimized bag puncture during incubation and improved aeration @no, 1960), as it 

ailowed the polyethylene surface to contact as mucb of the contained soi1 as possible. 

Mineral soil samples were taken at aü 1995 across-ecotone sites. In these samples, 

al1 mineral horizon material 0-1 5cm below the organic-mineral interface was collected 

from the block removed. Forest floor and minera1 matenai in this vertical range produces 

at least one haif of the nitrogen mineralized in forests (Binkley and Hart, 1989). Materiai 

was homogenized, two mineral sample bags were filied as previously described, and one of 

the minerai sample bags was buried 1 Scm below the organic-mineral interface of the hole 

created. One of the organic sample bags was then bwied at the organic-mineral horizon 

interface, while the remaining bags (one mineral and one organic sample, designated as 

pre-incubated) were taken to the lab on ice and fkozen at -20°C until analyzed as described 

in 'Laboratory Methods'. Estimates of minerai nitrogen released after fkeezing were found 

to be similar regardless of small differences in samplïng time (for example, when 

cornparing pre- and post-incubation soils) in a study by Binkiey and Hart (1 989). Freezhg 

effects were also examined in an experiment outlined in 'Appendix 1'. The depth fiom the 

soil surface to the organic-mineral interface was measured on the wall of the hole created. 

Buried Bag Incubation Site Selection Location 

1995 Along-Ecotone Sites 

To encompass as much biological variation as possible, one bag incubation site 

was located every lOOm dong the length of the land-water ecotone of Scott Lake, Sm 

fiom shore (Figure 1). This distance (Sm) was chosen with the aim of avoiding heavily 

waterlogged, anaerobic areas which may have impeded the aerobic processes of 
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ammonification and nitrification, but at the same t h e  sarnpling as dose to the shore as 

possibte in order to accurately estimate activity levels within the functionai ecotone. In 

support of bis, Gilliam et ai. (1996) noted that in almost every nitrogen buffer zone study 

they reviewed, Na-N concentration decreased dramatically in the first few (CIO) metres 

of the buffer. Sampling microsites in subsequent months at each of the 42 bag incubation 

sites were located roughly one metre (dong the ecotone) away fiom the previous month's 

sarnpiing microsite. Occasionaüy, sites had to be relocated to more suitable positions due 

to obstacles (intensive site fence, lysimeters, shoreline contours). Sites 5 and 6 occurred 

within the Red Spruce intensive site (Figure 1) and in order to avoid excessive disturbance 

in this area they were not sampled. 

1995 Across-Ecotone Sites 

Transect slope and aspect were expected to inauence nitrogen cycling rates due to 

their influence on soii temperature and moisture (Krause, 1982; Zak et ai., 1991). In order 

to focus on other less obvious factors, the 44 transect set was divided according to three 

dope categories (shdow, moderate and steep) as well as according to four aspect 

categories (North, South, East and West-facing). Nine trameds were randomiy chosen 

from the East-facing, moderate dope category, as aii other dope-aspect combinations had 

at most only 6 transects in common. To quantiS. variation in bioiogicai rates and 

parameters occurring across the width of the ecotone, four bag incubation sites were 

marked dong a line drawn perpendicular to the shore at each transect (Figure 1). Sites 1 

and 2 were iocated 5 and IOm fiom shore, site 4 was p1aced either 5 metres past the 

conifer-deciduous transition or 70m fiom shore if this transition was not apparent, and site 



3 was placed halfway between sites 2 and 4. Deciduous tree species such as A. sacchamm, 

F. grandifolia, B. alleghaniensis, Acerpensyivanicum L and A. rubrum predominate on 

the upper edges (fhthest fiom shore) of most of the Scott Lake watershed (refer to 

'Study Site') and in order to inciude this variation, site 4 was located under prirnarily 

deciduous canopy when possible. 

1996 Across-Ecotone Sites 

A preliminary regression anaiysis of the 1995 data was performed in order to 

determine the independent varîabIes that most influenced the ammonification and 

nitrification rates. In order to examine the specitic effects of these environmental variables 

in more detad, it was intended that sampling ia 1996 would be stratified according to these 

important variables. However, the 1995 data set lacked reliable soi1 temperatures and tree 

inventories for incubation sites that were greater than 10m fiom shore, and thus the 

variables influencing nitrogen cyciing rates could not be interpreted or isolated with 

confidence. It was aiso unclear as to whether the slope/aspect criteria used in the initial 

selection of the 1995 across-ecotone sites was representative or usefùl. As a result, 

replication of the 1995 across-ecotone data set was sacrificed and a completely difKerent 

set of bag incubation sites was selected for 1996 in an attempt to explain the observed 

variation in the 1995 data set. This also provided a more complete description of the 

variation across the ecotone, as ammorification and nitrification rates and environmental 

parameters were recorded for an additionai 12 across-ecotone sites (21 across-ecotone 

sites monitored in total) as opposed to replicating the possibly unrepresentative 1995 data 

set (9 across-ecotone sites monitored in total). 



Bag-incubation transects were selected based on the observed 1995 along-ecotone 

rates. The 42 transect set was sorted twîce fiom Iow to high values, once according to 

ammonification rate and once according to nitri6cation rate. Transects with rates 

occurring in the bottom and top third were designated as 'low' and 'high' respectively. 

This process was repeated for each of the five incubation periods. If a transect was 

designated as 'low' at l e s t  sixty percent of the tirne (at least 3 of the five incubation 

periods), the transect was characterized as having an overall low rate of ammonification or 

nitrification. A similar argument was used to characterîze transects with overall high rates. 

Finaily, in order to encompass as much biological variation as possible, three replications 

were chosen for each of the ammonificatiodnitnfication combinations: highhigh, 

higMow, lowfhigh and 1owAow for a total of 12 transects. 

At each of these transects, across-ecotone variation was again examined by 

marking three bag incubation sites dong a line drawn perpendicular to the shore (Figure 

1). One Iess bag incubation site per transect was utilized in 1996 to allow complete 

collection of bags in one day and thus eliminate major day to day weather changes as a 

source of variation. Sites 1 and 2 were located 5 and 10m fiom shore, and site 3 was 

aIways placed within the upper boundaries of the watershed, either 5 metres past the 

conifer-deciduous transition, or 70m fiom shore if this transition was not apparent. This 

third placement criterion (that the incubation site must occur within the Scott Lake 

watershed) was added in 1996 so that any materials mobilized at any of the incubation 

locations chosen had the potential of being transported down the slope by water towards 

the Scott Lake basin. In 1995, this point was overlooked and this assumption could not be 



made. At several of the transects, site 4 was placed at a location topographically Lower 

than the upper boundary of the watershed, and any material rnobiiized at these locations 

may not have baen capable of reaching Scott Lake. 

Soi1 Horizons Sarn~led for Buried Bag Incubations 

Due to the Ieogth of time required to circle the Iake coliecting and buying one set 

of 42 upper organic horizon incubation bags dong the ecotone (two days), and the 

statistical benefits gaiaed in cornplethg a monthly set as quickly as possible, the lower 

mineral horizon was not sampIed in the 1995 dong-ecotone set. However, one set each of 

36 organic and 36 mineral horizon incubation bags could be collected at the across- 

ecotone sites in two days and for cornpIeteness, organiç as weU as mineral horizons were 

sampled in the 1995 across-ecotone set. In 1996, mineral horizons were not sampled as 

coiiection of one f i iU set of 36 organic horizon incubation bags could be completed in one 

day. The sampfing design that resulted therefore was biased in favour of organic horizons. 

This should not matter, since soi1 doser to the surface is the least compacted, receives the 

majority of pIant residue and water inputs, and is thus the zone of highest organic matter, 

soil organisrn activity and root devetopment (Biakley and Hart, 1989; Paul and Clark, 

1989). In addition, 1995 results austrate that the mineral horizon behaved similarly to, but 

on a smaiIer scale, than the organic horizon (refer to 'Results and Discussion'). 

Samplinp: Intensity and Frequency 

More reliable mineralizatioa rates may have been obtakd fiom the buried bag 

incubation experiments if severaf sample bags had been buried per incubation period per 

site. However, this wouid have restricted the number of sites that could have bcen 



sampIed per day, and when three sample bags were coilected per site per incubation period 

during 1996 denitrification experiments, the between-sample-withul-site variance for initiai 

NO3-N concentration was relatively low (0.08). Since the objective was to encompass as 

much biological variation as possible in as short a time fiame as possible, the sample size 

was large (78 sites in 1995), yet each site was sampled only once per incubation period, 

with sites replicated instead over tirne. From May to October in 1995 and fiom July to 

October in 1996, bag incubation periods were approxhatdy one month long. Aithough 

month long incubations only partiaily assess the turnover of microbiai biomass and labile 

soil organic matter pools (BinMey and Hart, 2989), it was necessary to have several short 

monthly incubation periods hstead of fewer longer (60 day) periods. This was because the 

need for somewhat representative field estimates confined bags to short incubation periods 

due to moisture content fluctuation and nitrogen buildup over time (Hart and Firestone, 

1989). As weii, longer incubation periods may have measured different processes such as 

the decomposition of microbial products or soil organic matter formation (Paul and Clark, 

1989). The finai incubation period of the fist field season extended through the winter 

period (October, 1995 to May, 1996). Although this penod was approximately six times 

as long as alt others (240 days) and bags were likely frozen for the majority of the 

incubation, it was required in order to estimate annual production of avaiiable nitrogen. 

Bags were not incubated over the second (1996) winter season. in total, 6 along-ecotone 

and 5 across-ecotone incubations were completed in 1995, and 4 across-ecotone 

incubations were completed in 1996, for a total of 756 incubated bags. 



DENITRIFICATION 

Denitrification was investigated as a potential nitrogen interception and removal 

mechanism within the aquatic-terrestrial ecotone of Scott Lake. Denitrification potentiai 

has been estimated by incubating mixed soi1 samples with growing media and acetylene 

(Groffian et al., 1992; Lowrance, 1992; KLingensmith and Van Cleve, 1993), or by 

arnending intact soil cores with water (Robertson and Tiedje, 1984; Groffhan and Tiedje, 

1989; Vermes and Myrold, 1992), carbon (Ambus and Lowrance, 199 1) or nitrogen 

(Robertson et al., 1985) prior to incubation with acetylene. The a h  of this denitrification 

protocol however, was to obtain representative field rates by simulating natural field 

conditions as closely as possible. As a result, soi1 cores were incubated with acetylene 

oniy, and were incubated intact since dismption of the natural soil structure may have 

either exposed more denitrifjing organisms and substrate (Zak et al., 1986; Davidson and 

Swank, 1 987), stimulating denitrification (Myrold and Tiedje, 1985; Thome and Hamburg, 

1985) or increased the exposure of microsites to oxygen and decreased denitrification 

(Parkin and Tiedje, 1984). Intact cores were also preferred because of the remote nature 

of the field site, which required transportation of soil to the acetylene source at the field 

lab, as opposed to acetylene addition at each incubation site in the field. As well, Ryden et 

al. (1987) found cores preferable to chambers in very wet soils such as those in the near- 

shore zone of Scott Lake where acetylene introduction and N20 dinlsion may be slow. 

Cores also allowed simple and accurate estimation of the volume of soi1 used. 



At each site, the coring instrument was pushed verticaüy into the soil substrate 

until the minerai horizon was reached, in order to ensure that the entire organic horizon 

was sampled. Ali traces of minera1 soil were then removed and an intact, 8cm long, 4Scm 

diameter core of the lowest portion of the remaining organic horizon sample was eased 

gentiy into a foil-covered, 260d mason jar. The lowest portion of the organic horizon 

was chosen for incubation because the organic horizon depth varied substantiaiiy among 

sites and sarnples having sunilar degree of decomposition and thought most Likely to be 

anaerobic were likely to be the rnost comparable. 

The organic horizon was sampled instead of the mineral horizon because 1995 bag 

incubation results showed that net inorganic nitrogen accumulations were greater for this 

horizon (refer to 'Results and Discussion') and NOrN is derived fiom m - N ,  and is the 

primary substrate for denitrification (Paul and Clark, 1 989). As weU, soil organism activity 

decreases with increasing soil depth (Paul and Clark, 1989), and of those intact-core 

denitnfication experiments in forest soils that specined the horizon type, most reported 

sampling the surface organic layers (McKenney et al., 1984; Robertson et al., 1985; 

Groffman and Tiedje, 1989; h t c h  and Ineson, 1990). In fact, many studies have reported 

greater potential for denitrification in surface soils (Arnbus and Lowrance, 199 1; Groffman 

et al., 1992; Lowrance, 1992) due to higher organic carbon and mineralizable nitrogen. 

Care was taken during collection to minimïze disturbance to the core, and cores that did 

not remain intact upon transfer to jars were discarded. The coring process itself may have 

disturbed the soi1 system and altered denitrifcation rates (Tiedje et al., 1989), however 

this was the most feasible and least destructive of al1 methods reviewed, 



The core size chosen was based on the dimensions ofthe incubation jars. Cores 

were smaii enough that the space between the core and the inside surface of the jar 

facilitated gas d a s i o n  into and out of ali Maces of the soi1 (Parkin et al., 1987; Tiedje 

et al., 1989), but large enough to allow cores to remain intact inside jars. As weli, Parkin 

et al. (1 987) found that cores greater than 4.2cm in diameter yielded more reiiable 

estimates of natural denitrification rates than smaller cores because they reasonably 

sampled 'hot spots7 of denitrification. 

Closed jars were then transported on ice to the on-site field lab. Jars were bnefly 

reopened to heat the metai Lids and clean the jar and tid contact surfaces in order to 

improve the quality of the seal. Lids had been drilled and fitted with rubber serum stoppers 

(Suba Seal, Barnedey, England) and secured with silicone around the metal-mbber 

interface and on the underside of the injection port to withstand repeated injections. In 

random order? a syringe was inserted into each stopper-fitted lid and 10% of the 

headspace volume (Tiedje et al., 1989) was removed and then replaced with an equal 

volume of acetylene gas. Acetylene amended jars were then transported on ice back to 

their respective collection locations on the same day that they were collected. incubation 

jars were individuatly wrapped in aluminum foi1 and kept in a cooler on ice (Tiedje et ai., 

1989) in order to minimize microbial activity and substrate use while transporthg and 

handling soii cores prior to the start of the acetylene incubation period. Although cores 

were amended and repiaced w i t b  7 hours of collection, Parkin et al. (1984) found that 

storage of cores at 4°C for 19 days did not significantly affect denitrification rates. It was 



noted, however that nitrification may proceed in cores of low initial NOS-N during 

prolonged cold storage, resulting in artincial denitrification increases. 

Rather than sampling headspace gas at the field lab, jars were sampled after they 

had been buried to iïd level at each field collection location. This aLiowed estimation of gas 

concentration at the beginning of the field incubation period, as well as time for adequate 

acetylene distribution withui soil cores (Tiedje et al., 1989). In retrospect, more 

representative field denitrification rates may have been obtained had the jars been buried to 

the level that each soil core section was obtained from, instead of uniformly burying al1 

jars to lid level. Perhaps, at least covering the jars completely with soii may have 

minimized artificial temperature increases that may have occured due to incubation near 

the surface. 

Gas samples were coilected from incubated jars by inserting a closed 1 O m l  syringe 

into each stopper-fitted Iid, drawing out 1 O d  of gas, and then overpressurizing the 

prepared l Ornl receiving vacutainers by injecting as much of each l Oml sample as possible 

fiom the syringe to the vacutainer. Filied vacutainers were covered with foil and stored at 

lO0C to minimize gas sample degradation over the .  Due to residual N20 and other 

contarninants present in sterile vacutainers (as shipped fkom the manufacturer (Tiedje et 

al., 1989)) that may have interfered with the N20 analysis, tube preparation was necessary. 

This involved opening the sterile tubes for at least one hour, resealing the tubes with their 

stoppers, pncking the stoppers with an open-ended needle to bring the tube contents to 

atmospheric pressure and then recreating a vacuum on each tube by inserting a closed 

l O d  syringe and removing l O d  of atmosphere from each tube. 



10ml of gas fiom a 1L stopper-fitted jar containhg a 10% acetylene mixture was 

replaced to each incubation jar in the field foiiowhg initial gas sampling in order to 

minimize acetylene dilution eEects caused by removal of the initial (t = 0) gas sample. Jars 

were then left to incubate in the field and were resampled aAer approxitnately 24 hours in 

the same way. The amount of tirne required to coUect, arnend, retum and initially sample 

cores determined the overd length of the incubation penod. Jars at denitrification sites 

fiom the first halfof the experiment couid not be revisited for at least 16 hours after initial 

sampling, and in most cases, cores at denitdication sites fiom the second half of the 

experiment were collected, amended, burïed and initially sampled before jars h m  the first 

haif of the experiment were resampled. An experiment was also completed to examine the 

rate of N20 accumulation over time ('Incubation-over-time' experiment). To ensure 

adequate acetylene and N20 gas distribution wîthin the air spaces of the soi1 cores, the 

pressure in the soil pore space was manually reduced and increased by uiserting a closed 

30 ml syringe into each stopper-fitted lid and pumping it 3 times (Parkin, 1987; Parkin et 

al., 1987; Vermes and Myrold, 1992; Beauchamp aod Bergstrom, 1993). The gas contents 

of incubation jars were mùted immediately afler initial acetylene addition in the lab, prior 

to each gas sarnpiîng in the field, and following addition of replacement gas in the field 

(Tiedje et al., 1989). The tirne of acetylene addition and headspace gas sampling was 

required for the calculation of incubation lengths and was noted for each core. 

Upon completion of an incubation period, moisture contents and soil dry weights 

were measured for buk density determinations on ail cores, and gas simples were 

analyzed by gas chromatography, as described in 'Laboratory Methods'. Additional soil 



sampbs were coiiected for estimation of the initial substrate available for denitdication, as 

entire uicubated soil cores were required for bulk density determinations. Three organic 

horizon soil samples were taken fiom each denitrification site each time soil cores were 

initially coliected for incubation. These samples were collected in polyethylene bags as 

previously described in the 'Ammonifkation and NitritÏcation' methods section, 

transported on ice to the lab and fiozen at -20°C until analyzed. Ion extraction and 

anaiysis methods are outiined in 'Laboratory Methods'. 

1996 Denitrification Site Selection. Location 

Denitrification is an anaerobic process and as such it is mediated by soil aeration 

and hence indirectiy by soil moisture status (Paul and CIark, 1989). Denitrification sites 

were therefore selected based on the observed 1995 aiong-ecotone soil moisnire content 

trends. The 42 transect set was sorted fiom low to high values, according to organic 

horizon soil moisture content, as this was the horizon where cores were to be sampled. 

Transects with values occurring in the bottom, middle and top third were designated as 

having 'Iow', 'moderate', and 'high' moisture content respectively. This process was 

repeated for each of the five sarnphg periods. Ka transect was designated as 'iow' at 

kast sixty percent of the time (at least 3 of the five sarnplig periods), the transect was 

characterized as having an overall low soi1 moisture content. A sirnilar argument was used 

to characterize transects with overall moderate and high moisture contents. 

Twelve denitrification sites were then selected: three of low, three of moderate and 

six of bigh overaii moisture content. Sites in different locations and with difFerent moisture 

regimes were chosen as spatial patterns were of interest. Twice as many high moisture 



sites were studied because it was expected that denitrification would be the highest at 

these sites, and possibly undetectable at sites of moderate and low moisture content. In 

support of this, Groîijnan and Tiedje (1989) found substantially higher denitrification rates 

in poorly drained soils. 1996 burïed bag incubation sites were selected at these 

denitrification sites when possible, and additional transects that dernonstrated the required 

trends were chosen randomiy to complete the set of 12 (Figure 1). Denitrification sites 

that were also bag incubation sites were preferred during this selection procedure, as it 

was hoped that the processes of nitrogen mobilization and denitrification could be studied 

simuitaneously at a site and l i e d  according to trends in their rates. 

For each denitfication experiment, three intact cores were collected fiom and 

incubated as close to the land-water boundary as possible (less than Sm fiorn the 

shoreline) at each of the selected denitrification sites. This location was chosen because 

soils were expected to be the most heavily waterlogged and anaerobic in this low-lying, 

near-shore area. In some instances, where the organic horizon depth varied substantiaüy, 

cores were coliected slightly fiirther fiom the shore in order to obtain organic cores of at 

Ieast 8cm in length. 

Sampling Intensity and Freauency 

Denitrification incubation experiments began in luly, 1996 although a standard 

protocol was not established untd August, 1996. Experirnents continued until October, 

1996 as denitrification is a highly variable (Parkin et al., 2987), seasonal process which 

usudly peaks in the spnng and f d  (Grofhm and Tiedje, 1989). in addition, 

denitrification is not a continuously occuning process but one that is sporadic (Vernes 



and Myrold, 1992), and that usually foilows rain events (Robertson and Tiedje, 1984; 

Klingensmith and Van Cleve, 1993). Due to the remote nature of the field site and the 

difficulty in predicting rain events, experiments were conducted as often as possible dwing 

a proloaged visit, but did not necessady fd on the days foUowing rain events. 

Randomization 

Sampling was somewhat compromised due to the size of the data set (42 dong- 

ecotone and 36 across-ecotone buried bag incubation sites in 1995). Although some of the 

parameters studied were known to vary temporally (soil temperature, soil moisture) and 

wouid have more accuratety been compared bad they been coiiected simultaneously at al1 

sites, this was not feasible. In 1995, two full days were requked to coilect incubated bags, 

bury new bags for incubation, and measure soi! temperatures and organic horizon depths 

at dl 42 near-shore bag incubation sites if one bag was incubated at each site per month 

and they were visited in order dong the ecotone. 

As a renilt, sampling order of the dong-ecotone set could not be compietely 

randomized. Partial randomization was accomplished by grouping the 42 sites into 6 

blocks of 7 sites, randomly assigning the six blocks to each of the 6 sarnpling months and 

then choosing one of the 7 sites from the chosen block as a starting point each month. If 

on consecutive months, the starting site chosen was less than three transects away from 

the previous month's starting site, a new starting point was randomly chosen. Sampling 

order of the nine 1995 across-ecotone buned bag incubation sites was completely 

randomized each month. Partial randomization was also used for 1996 buried bag 



incubations, 1996 denitrification experiments (core collection, jar replacement to sites), 

and soi1 temperature datalogger placement, as described above. 

Denitrification Methodolow Experiments 

Denitrification over time 

An experiment was conducted to determine the generai pattern of N20 

accumulated over time from intact soil cores incubated with acetylene. 15 soil cores were 

incubated for 24 hours at site 25. This location was chosen because it was the most easily 

accessible of ail the denitrification sites and the experiment required sampling at 

inconvenient times (12 and 6am). Ever-y six hours in raadom order, the gas contents of the 

jars were mixed, lOml samples were collected in prepared vacutainers, diluted acetylene 

was replaced to the jars and the gas contents of the jars were remixed. Specific details of 

core collection, incubation and gas sampling are described under 'Denitrification', and gas 

analysis is described under 'Laboratory Methods' . 

Purified Acetvlene 

Acetone and other contaminants are present in cyiinders of commercial acetylene 

as a safety meanire, even ifthey are designated as 'purEedY (Tiedje, 1982) and can affect 

denitrification rates by acting as a substrate for denitrifiers (Tiedje et ai., 1989). Pnor to 

use for incubation experiments, acetylene is usually purified by scrubbing it through a 

sulfuric acid train in order to remove potentid contaminants (Walter et ai., 1 979). An 

expenment was conducted to examine this effect, as the majority of the soil cores had 

been incubated with unpurified acetylene. Six soil cores (three with unpurified acetylene, 

three with acetylene that had been scrubbed through a sulfùric acid, distiiled water wash) 



were incubated at each of three wet sites for 24 hours. Wet sites were chosen because it 

was expected that denitcification would most likely be detected at these locations 

(Groffman and Tiedje, 1989). Details of core collection, incubation and gas sarnpling are 

described under 'Denitdication', and gas analysis is described under 'Laboratory 

Methods'. 

The scrubbing trap which produced purified acetylene was set up by attacbing the 

tine fiom the acetylene cylinder with rubber tubing to a hollow glas rod which was fed 

through a fitted rubber stopper set in a spouted lOOOml flask. The rod was submerged in a 

10% HzSOJ solution contained in the flask. The spout of this flask was comected by 

mbber tubing to a second holiow rod fed through a fitted rubber stopper of another 

spouted lOOOml flask filled with distilled water. The spout of the distilled water wash 

provided the purified acetylene gas stream, The system required initial flushing for severai 

minutes, and during gas collection, required a steady stream of gas to be bubbling through 

both flasks (approximately 2 bubbles per flask per second). 

Core Incubations Without Acetylene 

N20 gas is produced through several chernical reactions, and by organisms other 

than denitrifiers, such as nitrifiers and NO3-N respiring bacteria, fiingi and yeasts (Smith 

and Zimrnerman, 198 2 ;  Sahrawat and Keeney, 1986; Martikainen and De Boer, 1993). An 

experiment was conducted to quantify background levels of N a  produced by these other 

processes, in order to determine how much of the total Nfl produced was due to 

denitrification. Six cores (three with acetylene, three without acetylene addition) were 

incubated at each of four wet sites for 24 hours. Specific detaiis of core coiiection, 



incubation and gas sarnpling are described under 'Denitriftcation', and gas analysis is 

described under 'Laboratory Methods'. The only difference in the method was that for the 

cores incubated without acetylene, after the initial (t =O) gas was sampled, 101111 of air was 

replaced to these jars instead of lOml of diluted acetylene. 

ENVIRONMENTAL VARIABLES 

Shoreline S l o ~ e  

The dope of the shoreline varied within the watershed and was expected to 

infiuence biological rates through its infiuence on soi1 temperature and moisture (Zak et 

ai., 199 l), and was therefore measured at each bag incubation site. The dope value for 

each across-ecotone bag incubation site was reported in degrees as the average of a i i  of 

the dope measurements taken between it and the site next closest to shore along the 

transect line. For example, the dope reported for site 36.3 (60m 6om shore) was 

caiculated as the average of five dope measurements taken along transect 36 between 10 

and 60m fiom shore (between sites 36.2 and 36.3). Consecutive dope measurements over 

shorter distances were required between sites along one transect because of low visibility 

through the dense understory vegetation. Slope values for along-ecotone bag incubation 

sites were reported as the slope measurernent taken between a point on the shore near the 

incubation site and a point 10m fiom the shore. 

Asuect 

The orientation of bag incubation sites in relation to the sun varied within the 

watershed and was expected to infiuence biological rates through its influence on soi1 

temperature (Zak et al., 199 1). Aspect (in degrees) were therefore established for aii 1995 



and 1996 across-ecotone sites when transects were initialiy set on lines cunning 

perpendicular to shore. Readings were also taken at 1995 near-shore sites each tirne new 

incubation bags were buried to account for the natural contours encountered dong the 

shoreline. Aspect is a circular scale, with values ranging from O to 360 degrees, and with O 

being equivaient to 360. A site on shore with an aspect recorded between 45 and 135 

degrees faced East. Similady, sites with aspects between 135 and 225 degrees faced 

South, sites between 225 and 3 15 degrees faced West and sites between 3 15 and 45 

degrees faced North. 

Soil Moisture Content 

Moisture content ofthe soil was expected to inauence ammonification, nitrification 

and denitrification rates by regulating soil microorganism activity (Paul and Clark, 1989) 

and it was also required for the initial rate calculations. It was determined each month on 

subsamples of ali pre- and post-incubated soi1 samples as descrïbed in 'Laboratory 

Methods'. As well, to monitor moisture fluctuation of the soil substrate surroundhg the 

sample bags during their incubation, additional samples were coilected from each site 

midway through each 1996 bag incubation penod (refer to 'Appendix 1'). 

Soil Bulk Densitv 

Bulk density of the soil was expected to idueace ammonincation and nitrification 

rates (Aulakh et al., 1996) and was also required for converthg rate estimates to a unit- 

area basis. Over a three day period, three organic horizon cores 4.5cm in diameter and up 

to 8cm long were coîiected fiom each of the 36 buried bag incubation sites monitored in 

1996 and transported intact to the lab in sealed polyethylene bags. Intact cores were also 



available from each of the denitrification incubations. In some cases, shorter cores were 

coilected because the depth of the entire organic horizon was less than 8cm (depth ranged 

fkom approxhately 4- 40cm). When the cores coliected were found to be greater than 

8cm, upper portions of the core were discarded until an 8cm core was obtained, as the 

upper litter layer was dso removed during sampling for buried bag incubations (refer to 

'honif icat ion and Nitrification'). Length merences were accounted for in the volume 

calculations. Bulk density of the soii was not expected to Vary significantly over the 4 

month field season, and as 4 monthly average estiinates of bulk density for each of the 36 

incubation sites (432 cores in total) was not feasible, ody one collection of 3 cores at each 

site could be completed. Bulk density determinations are outlined in 'Laboratory 

Methods' . 

Overstory Quantity and Ouality 

The condition of the overstory canopy was expected to iduence biological rates 

through its idluence on the arnount and type of organic substrate available to 

microorganisms in the soi1 environment (Rice and Pancholy, 1972; Flanagan and Van 

Cleve, 1983; Gihour, 1984; LiefEers, 1988; Poovarodom and Tate, l988), and through its 

shading intluence on soi1 temperature (Vitousek et al., 1982). An inventory of the size 

(DBH), number and species of al1 trees (>2.5crn DBH) present in 1Sm by 1 Sm plots 

surrounding all across-ecotone buried bag incubation sites as well as al1 denitrification 

sites was completed. This inventory method was used because similar vegetation data 

fiom a previous study was already available for each of the 42 dong-ecotone bag 

incubation sites. Tree diameter was converted to basal area, and two independent 



'variables7 were formulated. 'Total basal area' was the sum of the basal area of dl trees 

within each 1 Sm by 1 Sm plot, while 'total coniferous basal ara'  was the sum of the basai 

area of al1 coniferous species within each 15m by 15m plot. Perhaps more specific 

parameters such as soii C:N ratio or the degree of canopy closure may have more 

effectively described the influence of the overstory canopy, aIthough Coats (1976) found 

stronger negative correlations between the amount of coniferous cover (as measured by 

basai area per hectare) and nitrification rate than between soi1 C:N ratio and nitrification 

rate. 

The plot dimensions were based on the number of incubation periods. It was 

estimated that the five monthly incubation microsites at each site would cover a length of 

approxirnately five metres running parallel to the shore by the end of the season. An extra 

five metres was added to each side of this incubation line, creating a line 15m long running 

paralle1 to the shore. Two 15m lines were then established perpendicdar to and dong the 

two ends of the drawn incubation line, forming the sides of the plot. These sides were 

shifted untiI the incubation line was at their approxirnate centre (forming an "H"), and then 

the two sides were joined at their tops and bottoms with two additional 15m lines which 

ran pardiel to the original incubation line. It was hoped that the trees encornpassed by this 

irnaginaty block contributed the majority of the shade and organiç substrate to the soi1 

horizons sampled below. Dead standing trees were not included in the inventory as the 

species and sue could not be determined with confidence. As the organic matter present at 

a sampling location likely consists of litter contributed by trees growing outside the 



boundaries of the sampIe plots, larger plots may have more effectively described the 

duence  of the overstory cmopy. 

Air and Soi1 Tem~erature 

Soil temperature is a major factor infiuencing soii microorganisrn activity 

(Gilmour, 1984; Poovarodom and Tate, 1988; Paul and Clark, 1989). Air temperature was 

expected to influence the temperature of the soi, and was to be used along v A h  spot soil 

temperature readings to predict average soi1 temperatures (Gordon, 1986). Therefore, in 

1995, an air temperature sensor attached to a computerized dataiogger (Campbell 

Scientific Canada Corp., Inc.) continuously monitored air temperature at three permanent 

weather stations positioned near transects 25, 33 and 6. In 1996, air temperature was 

periodically monitored at transect 25. 

Spot measurements of soii temperature were aIso taken monthly before bag 

collection at each site in 1995 and 1996 by inserting a pre-calibrated dia1 thermometer 

(Tel-Tm Mfg. Co., Rochester, N.Y.) into undisturbed soi1 near each sample site until the 

sensor on the stem of the thermometer reached the depth of the incubating bag. Once the 

temperature had equilibrated, it was recorded along with the time of measurement. 

Temperatures were measured before the soil near the temperature sensor was disturbed 

during bag collection in order to more accurately estimate natural field incubating 

conditions. 

As weii, in 1996, four computerized dataloggers (Campbell Scientific Canada 

Corp., Inc., Mode1 ZlX), each equipped with three soil temperature thermistor probes 

(107B) to be buried at the three bag incubation locations per site (Sm, 10m and 20-60m 



fkorn shore) were randody and periodicdy moved among the twelve 1996 buried bag 

incubation sites around the lake throughout the 1996 field season. This measurement 

overlap made the soil temperature estimates between sites more statisticaliy comparable, 

as i) twelve soil temperatures were recorded simultaneously every hour for approximately 

two weeks at a tirne, ü) sites were sometimes monitored over more than one time period, 

and iii) if sites were monitored more than once, the new group of sites was different than 

the original group monitored (ie: one site was monitored dong with three incubation sites, 

and then that same site was monitored a second time dong with three different incubation 

sites). Estimation of average monthly soil temperatures at each incubation site is outlined 

under 'Calculations' . 

LABORATORY METHODS 

Soil Moisture 

Soil moisture was measured gravimetrically by drying subsamples of pre- and post- 

incubated samples of known weight in aluminum dishes in an oven at 6S°C for organic 

samples and 105°C for mineral samples for at least 48 hours and then reweighuig the 

samples (Brady, 1984; Gardner, 1986). Soil moisture contents were expressed on an oven- 

dry-weight basis in terms of percent as the number of grams of water per 1OOg of dry soil. 

Wet soil weight was not used as a basis for moisture content calculations as it changes 

with moisture fluctuations (Brady, 1984). 

Soil Bulk Densitv 

Intact organic horizon soil cores were placed on alumhum pie plates, weighed 

wet, dried at 6S°C to approximately constant weight and then reweighed (Blake and 



Hartge, 1986a). Buik densities were calculated by dividing the dry weight of the core by 

the volume of the core. Values reported for each incubation site were the average of 3 

determhations, and were expressed as g ~ r n - ~ .  

Soi1 Ion Extraction and Analvsis 

Soils were thawed until they were able to be manipulated (2-4 hours), and then 

were immediately extracted for m N  and NO3-N using 2 NKCL in the soil: KCL ratio 

1 :3. Nitrogen ions are replaced by the neutrd potassium salt solution. The soil-KCL 

mixtures were shaken at 300rpm for 1 hour, allowed to settle for at les t  I hour, and 

filtered (Keeney and Nelson, 1982). Extracts were then Eozen at -20°C until analyzed, as 

low temperature storage for several months has not been found to alter the chemistry of 

extracts (Keeney and Nelson, 1982; Binkiey and Hart, 1989). For veiy dry soil samples, 

the amount of KCL was increased slightly in order to ease the movement of liquid through 

the filter paper. These changes to the ratio were accounted for in the calculations. 

A Technicon Autoanalyzer II System (Technicon Industrial Systems, Tarrytown, 

N.Y.) was used to colorometrically analyze soil extracts. NO3-N determinations 

d dus trial Method No. 487-77A) involved a copper-cadmium reductor column which 

reduced NO3-N to NOrN. Under acidic conditions NOrN reacted with suIfandamide to 

form a diazo cornpound. This compound then coupled with KI -naphthyIethylenediamine 

dihydrochloride to fonn a reddish-purple azo dye, which was read at 520 nm. A range of 

soi1 extracts were also analyzed for NOrN ushg the N 0 3 N  system as described above, 

without the initiai reducing column. This test was conducted in order to detennine the 

relative quantities of NOrN and NO3-N present in soi1 extracts, as the inclusion of the 



reductor column in the system leads to chart readings that correspond to NO3-N + NOr 

N concentrations, NOrN was not present in any of the samples tested, which is not 

unusual (Keeney and Nelson, 1982; Pinay et ai., 1993) as NOrN is highly unstable and is 

quickly oxidized to NOT-N in the soi1 environment (Paul and Clark, 1989). Therefore, the 

NOrN + NOrN values recorded can be assumed to correspond to the concentration of 

NO3-N. N&N determinations (Industrial Method No. 329-74WIB) involved the reaction 

of NH&N, sodium salicylate, sodium nitroprusside and sodium hypochlorite in a buffered 

alkaline medium, and produced an emerald green colored complex which was read at 660 

m. A range of NO3-N and NK-N standards of known concentrations were also analyzed 

in order to determine linear equations between peak height and concentration. These 

equations were then used to convert the sarnple peak heights to concentration values. 

Concentrations of NO3-N and W - N  were then converted to a d v  weight basis 

(pg-100g " dry weight). The rate o f m - N  or NOrN production during the incubation 

period was calculated as outlined under 'Caiculations'. 

Gas chromatographv 

Collected gas samples were analyzed on a Varian 3600 Gas Chromatograph 

(VARiAN Associates, Sunnyvale, CA) equipped with a 6 3 ~ i  Electron Capture Detector 

set at 390°C, with a 95% argon, 5% methane carrier gas (foreflush time=0.9min, flow 

rate=30ml.min"), a l'x118" 50180 Poropak N pre-column and a 6'x1/8" 50180 Poropak Q 

column (Suppelco, Oakville, Ontario) for Na analysis, and a Thermal Conductivity 

Detector set at 75"C, with a high-purity helium carrier gas (flow rate=rl~mlmin*'), and a 

3'x1/8" 50180 Poropak Q column (Suppelco, Oakville, Ontario) for CO2 analysis. Injector 



port temperatures were set at 50°C, and oven temperatures were set at 45OC. The 

injection port was set at a slightly higher temperature than the column so that upon 

injection (1 -0ml for N20, and 0.25ml for Ca), the gas did not remain at the point of 

injection but was driven into the column tube. The inert carrier gas forced the sample 

focward through the column, where the components in the gas sample were separated. 

This was accomplished by porous material within the column which mechanically impeded 

the advance of larger mo~ecules in the gas sample. Gas components were identitied by the 

length of time that they were retained. When the gas sampIe reached the detector at the 

end of the coIumn, compounds at the detector bound the free electrons present in the 

sample, and caused the current flow to decrease (Lee, 1970). Changes in the current flow 

were recorded and then compared to those of gas standards in order to convert sample 

peak areas to concentration values. Similar pressure and volume conditions of the gas 

standards were obtained by handling standards in the same rnanner as the samples (10ml of 

each standard was injected into a prepared vacutainer, and similar volumes of standard gas 

were then injected into the gas chromatograph from the vacutainer). As the CO2 peak was 

immediately foliowed by the N@ peak on the ECD, hi& concentrations of COz 

(characteristic of organic soil) sometimes interfered with precise quantitation of N20 

(Tiedje et al., 1989). Close examination of the peaks recorded usually allowed 

determination of the N20 levels. Denitrification rate denvation is detailed under 

'Caiculations'. 



CALCULATIONS 

Slope 

An independent variable for slope was developed ('slasp') which described the 

effect of slope and also accounted for the position of the sun. It was calculated as: 

slasp = cos [compass reading x arcos(-1)/180°] x shorefine dope 111 

The cosine fimction gave east and west facing sites an overall low magnitude 'slasp' value 

regardless of the shoreiine slope (since cos 90' and cos 270° = O), steep south facing sites 

a high magnitude, negative 'slasp' value (since cos 180" = - l), and steep north facing sites 

a high magnitude, positive 'slasp' value (since cos O* = 1). 'Arcos(-1)/180°' was used to 

convert the value from degrees to radians. 

Average Soi1 Tem~erature 

Origïnally, the spot estimates of soit temperature were to be used dong with the 

continuous air temperature records to generate predicted soil temperatures, as reasonably 

good correlations have been demonstrated between spot soi1 temperature and ambient air 

temperature records (Gordon, 1986). For 1995 data, the air temperature at the exact time 

of each soi1 temperature measurement at each site each month was cddated through 

interpolation of the two air temperature measurements fiom the continuous air 

temperature record that straddled the time that the soil temperature was taken. Air 

temperatures were also calculated exactly l,2,3 ... 20 hours prior to the time of soil 

temperature measurement by this method. Each site thus had four point soil temperature 

estimates, with each soil temperature estimate having 21 matchhg air temperature 

estimates. Linear regression was used to determine at which hour the air temperature best 



predicted the soi1 temperature at each site. These regression equations were to be used to 

calculate soil temperatures every 20 mioutes at each site over each incubation period, in 

order to calculate a rnonthiy average s d  temperature at each site. However, due to large 

variation in major physicd characteristics such as dope, aspect and canopy cover among 

the sites, soii temperatures at certain sites were better predicted than at others, and the air 

temperature 'best hour' variation between sites was not easily expiained. For near-shore 

sites, the average best hour was 9.02 (standard error = 0.89), and for sites IÙrther from 

shore the average best hou was 5.5 (SE = 1.3). 

The 1996 soii temperatures recorded by the dataloggers were found to be more 

usehl in the estimation of average monthiy soil temperature. Each probe was programmed 

to record soii temperature continuously every hour over the tirne period that it was buried 

at a site. The record of soil temperature over tirne obtained using the probe was then 

integrated, which calculated the total area under the soi1 temperature curve. The area 

determined was then divided by the total number of hours that the probe was buried in 

order to cstimate the mean soil temperature recorded by the probe at the site over the 

specific t h e  period. This process was completed separately for each probe at each site at 

each time period (46 mean soii temperatures estirnated). Interpolated means were also 

calculated by dividig the sununed hourly temperature estimates by the number of hours, 

and compared to the integrated means as a check of approximate inîegration accuracy. 

The SAS mixed mode1 procedure (Version 6.11, SAS Institute, 1989) was used to 

perform multiple regression analyses to predict the average soi1 temperature at each of the 

1996 bag incubation sites for each month. The data set used to predict soil temperatures 



was slightly different than that used to model the biological rates in that there were three 

additiond time penods included, and average depths and moisture contents (average of 

midway and pre-incubated estirnates) were used instead of only the monthly bag 

incubation depth and soii moisture information. It was hoped that a slightly larger data set 

would more completely explain and predict soii temperature, and therefore soil 

temperature was monitored more extensively over the sumrner and separately fkom the 

bag incubations. 

The incomplete set of integrated mean soil temperatures was the dependent 

variable, which was regressed upon time period (random class variable: 1-7) , site (randorn 

class variable: site numbers 9-43), distance from shore (fixed class variable: 1, 2 or 3), 

slope (degrees), aspect (degrees), 'slasp' (descnbed above), incubation depth (reported in 

cm as the depth that the computerized probe was buried at), organic horizon moisture 

content (reported in percent), average organic horizon bulk density (gan-3), and total 

basai area per transect. Site and tirne period effects could not be replicated exactly if a 

sirnilar study was conducted on a different lake, and were therefore classified as random 

effects. Al1 remaining independent variables were classified as fixed. Since the data set 

contained both random and fixed independent variables, it was anaiyzed as a mixed model, 

and was found to be: 

soil temp = 12.72(distance 1) + 12.403(distance 2) + 12.3 l(distance 3) 

+ 0.003(aspect) + 0.013(slasp) - O,OS3(incubation depth) 

- 0.003(moisture) + 7.409(bulk density) - 1.865(basa.l area per transect) 



Interaction t e m  were not included in the final soil temperature prediction model 

as the integrated mean soil temperature data set was initially hcornplete, and also because 

no obvious trends were apparent upon perforrning residual anaiyses. The correlation 

between average soii temperatures recorded by the dataloggers and soi1 temperatures 

predicted by the model was strong ( Figure 2, R ~ =  0.78, N = 46), and residuals were 

normally distributed (P = 0.99; Shapiro-Wik W Test). Although depth was found to be 

the only independent variable whose slope was significantly diffierent than zero (Table 2) 

the model presented above produced the highest correlation between observed and 

predicted soii temperatures (It2 = 0.73 when depth was the only independent variable). The 

coefficient of determination has been show to increase as more terms are added to a 

regression model (Snedecor and Cochran, 1989); however, the intent of this model was 

not to test the significance of individual factors of influence to soil temperature, but to 

predict soi1 temperature as accurately as possible with the information available. Predicted 

soil temperature was then used as an independent variable to attempt to describe variation 

in 1 996 ammonification and nitrification rates. 

Since soil temperature at the bag incubation sites in 1995 could not be reliably 

estimated using the point estimates recorded during that season, average monthly soi1 

temperatures for this season were instead predicted using the 1996 datalogger soil 

temperature information (N = 46) and a multiple regression model similar to that 

previously described. Bulk density could not be used as an independent variable in the 

1995 soil temperature prediction mode1 because it was not estimated at the 1995 bag 

incubation sites. As weU, distance was changed f?om a class variable to a continuous 
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Figure 2. Relatiooship between soil temperature observed at 1996 buried bag 
incubation sites (integrated monthly averages) and soi1 temperature 
prediaed using the developed soil temperature multiple regession mode1 
(Equation 2). 



Table 2. Statistics describing coefficients included in the multiple regressioa modek 
used to predict soi1 temperatures at bag incubation sites in 1995 and 1996. 

Coefficient Estimate Standard Error P (F > Fcrit.) 
1995 1996 1995 1996 1995 1996 

Intercept 
Distance 1 
Distance 2 
Distance 3 
Distance 
Depth 
Soii Moisture 
Aspect 
SIasp 
Basal Area 
Buik Density 



variable (reported as metres 6om shore) in the 1995 model because simples were 

incubated at four distances tiom shore in 1995, which could not be accommodated using 

the 3-distance 1996 model. Ail other variables used in the 1995 model were the same as 

those described above for the 1996 model- The 1995 soil temperature prediction model 

was found to be: 

soil temp = 15.415 - O,OOl(distauce) - O.O44(incubation depth) 

-0.005(moisture) - 0.003(aspect) + 0.028(slasp) 

- 1.7 1 (basal area per transect) 

The correlation between average soil temperatures recorded by the dataloggers 

and soi1 temperatures predicted by the model was strong (R~= 0.76, N = 46), and 

residuals were normaily distributed (P = 0.36; Shapiro-Wilk W Test). Predicted soi1 

temperature was then used as an independent variable to attempt to describe variation in 

1995 ammonfication and nitrification rates. 

Denitrification Rate 

In order to determine the rate of denitrification, the number of moles of gas was 

first determined using the Ideal Gas Law (n = PV/ RT) where R = 0.082 1 [L atm/(Mol x 

"K)] x 10~plL, P = latm, V = volume of N20 (pL-L-'), and T = incubation temperature 

("K), The number of moles of N per litre was then multiplied by 28gMol x 106pg/g to 

convert the value into a unit of weight per litre (molar weight of Nz = 28g). The total 

amount of N present in an incubation jar was calcdated using: 

M = Hd + Sln 



where M = total amount of N, Hd = weight of gas in the headspace, and SIn = weight of 

gas dissolved in the solution phase. Hd was found using: 

Hd = x ( W  151 

where x = weight of N per titre and Vg = volume of the gas phase in L. Sln was found 

using : 

Sln = H d a  Wl/ Vg) 161 

where Vi = volume of the liquid phase, obtained by determining the amount of water Iost 

fi-om the core, and a = Bunsen absorption coefficient and assuming that the density of 

~~0=1g/cm~, as NzO is highly soluble in water (Moraghan and Buresh, 1977). Vg was 

found using: 

Vg = V air in jar + V air k w c m  soit puticles 

- (vj -Vc) + v c  (St)(l - S) 
[71 

where Vj =jar volume, Vc = core volume, St = % soil porosity and S = % water-filled 

pore space. St and S were found as outhed in Carter and Baü (1993) using: 

St = 1 -@blDp) 181 

and S - VI / [ Vc - ( core dry weight / Dp)] - Pl 

where Db = soil bulk density and Dp = soil particle density. Particle density was 

determined using the pycnometer method as outlined by Blake and Hartge (1986b). The 

amount of N produced per gram of soil was cdculated by dividing the total amount of N 

(M) by the dry weight of the soi1 (Tiedje et al., 1989), and rates were estimated by 

subtracting the weight of N per gram of soi1 at tirne O by the weight of N per gram of soii 

after t hours of incubation, and then dividing by the number of hours of incubation. 



Wilcoxon's non-parametric signed-rank test for paired samples (Snedecor and 

Cocbran, 1989) was used to determine whether N, C and C2H2 content increased over 

time during core incubations, as gas samples were coilected by repeatedly sampling the 

sarne set of 15 incubation jars every 6 hours. The non-pararnetric rank sum test for 

independent sampIes (Snedecor and Cochraa, 1989) was used to analyze denitrification 

resuIts in which pairing was not logicai (cornparisons of different jars which did and did 

not accumuiate Na). Non-parametric tests were required because sample sizes were 

smaü (n<I5) and residuals were not normally distributed. 

Ammonification and Nitrification 

Ammonification rate was determined using: 

[CrgNi+~. 100~*'*a - p g ~ 7 & - ~  100g'i0it~i] / # days incubated [1 O] 

and similarly, nitdication rate was determined by: 

[pgNOrN- 1 0og-'hda& - l i g N ~ 3 - ~ *  1 0 0 g - ' ~ i ]  / # days incubated [ I I ]  

The SAS mixed mode1 procedwe (SAS Institute, 1985) was used to perform 

multipte regression analyses in order to explain the variation in ammonification and 

nitrification rates found within the watershed and over the 1995 and 1996 field seasons. 

The dependent variable was the 1995 or 1996 organic or  minera1 horizon ammonification 

or nitrification rate, which was regressed upon time period (randorn class variable: 1-6 in 

1995, 1- 4 in 1996) , site (random class variable: site aumbers 0-43), distance from shore 

(hed class variable: 1, 2 or 3), slope (degrees), aspect (degrees), 'slasp' (described 

above), incubation depth (reported in centimetres as the depth that the sample bag was 

buried at), moisture content (reported in percent as the post-incubated determination), 



predicted average soi1 temperature (determined as described previously), total basai area 

per transect and total conifer basal area per transect- AU two-factor interactions were also 

included in each of the initiai fU models. Distance was consistently reported as a fixed 

class variable for use in modelling ammonification and nitrification rates because this made 

cornparisons of models between sampling years possible. 

Due to the size of the fidi models (56 terms each), aü final modeb were determined 

using a step-dom regression technique. The regression analysis for each of the six 

independent variables was completed using aü independent variables and their interactions, 

and after removing the interaction with the smallest F, the regression anaIysis was redone. 

This process was repeated until al1 remaining interactions were significant. Main effects 

that were not found to be signdlcant were retained ifthey corresponded to significant 

interactive effects. Correlations between observed biologicai rates and those predicted by 

the regression models were relatively strong, and residuals were approximately normally 

distributed upon transformation of the dependent variable (Table 3). A natural logarithrn 

transformation was most commonly used, but squared and square root transformations 

were aIso employed. In some cases during the initial mode! seIection phase of the analysis, 

several of the variables were not estimable. Usually, once the term of lowest significance 

was removed, the remaining effects became estimable. It was decided that the addition of 

three-factor and higher order effects would either compound this problem, or would not 

be able to be estimated in an unbiased manner, and thus, three-factor and higher order 

interactions were not included. 



Table 3. Summaxy statistics for multiple regression models. N= number of 
observations, p(W) = probability that the residuals were normdy 
disiributeci, and R* for the relationship between the observed biologicd rate 
and that predicted using the regression model. 

Model Transformation n D ~ W ,  R' 
1995 - 
Organic ~orizon'  

NO3-N pool sue 
NH&N pool size 
Ammonification rate 
Nitrification rate 
Net N Mineraüzation rate 
Ion production ratio 

Mineral Horizon 
NO3-N pool size 
Na-N pool size 
Ammonification 
Nitrification 
Net N Minerdition rate 
Ion production ratio 

1996 - 
Organic Horizon 

N03-N pool size 
NI&-N pool sue 
Amrnoniflcation 
Nitdication 
Net N Mineralization rate 
Ion production ratio / 141 0.003 0.76 

1 Organic and mineral refer to the soil horizon in which the rate was estimated. 



To determine the prevalent fom of inorganic nitrogen produced on specific 

months, years and at specinc sites and distances fÎom shore, an 'ion production ratio' was 

used. Negative values resuited when the aatural logarithm of the ratio was less than one, 

and thus represented situations in which the nitrification rate was greater than the 

arnmonification rate. Negative rates were adjusted by adding a constant (K), and the ratio 

was calculated as: 

in [ p w - N *  1 00g%i-' + W ~ ~ N O ~ N -  1 Oog-'-d-' + KI WI 

Net mineralkation rates (pg- 100~-l-d-') were calculated using: 

[ M - N +  NOrN)incubttd - (NLC-N+ N03-N),a] / #days incubated il31 

Whiie several of the environmental variables examined as weli as the inorganic 

Bitrogen quantities fluctuated throughout the field season and between sample locations, 

only average values (averaged over aii sarnple dates and locations for each year) are 

discussed, as the random effects of sample date, sample location, and the interactions of 

these effects were not found to represent a significant source of variation in the multiple 

regression analyses. Abiotic and biotic characteristics Vary greatly among the 42 sites 

around Scott Lake and are iikely to exert a strong influence on the pattern of nitrogen 

cycling. This aspect was not specincaiîy addressed in the present study, as the site 

classification system was concurrently being developed for Scott Lake, and it was not yet 

known how variable the sites were, or which abiotic and biotic characteristics were linked 

together. Regarding nitrogen cycling in a forest-lake ecotoaal system, the specinc abiotic 

and biotic characteristics that combine to represent a 'sensitive' or 'robust' site are not yet 

known. Perhaps fiiture reseatch at Scott Lake wiii be able to address this issue more 



completely by utüïzing the newly developed site classifkation systern for sample 

stratification. 

Least squares (adjusted) mean values are generally reported, but are not equivalent 

to the raw averages which would have been caiculated fiom the observed values. The 

adjusted means were caiculated by back-transforming the least squares means that were 

obtained fiom the multiple regression analyses. They are 'adjusted' because they account 

for the effects of the independent variables retained in the multipIe regression model, the 

non-normal nature of the data set, as well as missing data points. The associated 

confidence intervals are reported rather than the standard errors, as standard errors could 

not be accurately back-transformed. 

Estimation of Annual Inorganic Nitroaen Production 

Severai approximations were made in order to rougbiy estimate on a watershed 

basis, the total amount of inorgaaic oitrogen produced in 1995. Two production rate 

estimates were avaiiable for the 0-5m zone at each of the 9 across-ecotone transects, and 

so a monthly average of these two estimates for each of these 9 sites was calcuiated. The 

rate at each of the 44 sites (calculated in grn-'.d using approximated bulk densities fiom 

1996 estimates) in the 0-Sm band was then muitiplied by the number of days incubated, 

and for each incubation period, the site quantities (ii g.m-2) were totaüed and then 

multiplied by 500 (a lOOm long by Sm wide area for each site). F i y ,  the six incubation 

period estimates were totaüed to obtain the total W - N ,  NO3-N and net N production in 

1995 over the 4400m long by 5m wide band of watershed. 



As rate estimates were only avaiiable for 9 of the 44 sites in the 5-10m and 

hardwood zones, production in these two areas was estimated by multiplying the average 

monthiy rate at these two distances fiom shore by the surface area of interest. The surface 

area of the 5- tom zone was estimated by assuming a 4400m long, 5m wide area 

(22000m2). This however, is an underestimate, as the 5-10m band circles the 0-5m band 

and is likely longer than 4400m. The hardwood zone estimate represented production 

Rom the remainder of the watershed (>10m tiom shore). Its surface area was detennined 

by subtracting the surface area of the 0-5m and 5-1 0m bands (22000m2 + 22000m2) from 

the approximate total surîàce area of the watershed (750000m2). 

These approximations iiiely led to an overestimation of production rates at 

distances greater than 5m, as 5 of the 9 sites used to calculate each average occurred in a 

section of the watershed that appeared to be particularly productive. Since rate estimates 

were deterrnined only in the 0-Sm zone during the ikst incubation period, the rates in the 

5-10m and hardwood zones for the first incubation period were estimated using a ratio of 

the rate estimate for the first incubation period in the 0-5m zondaverage rate fiom al1 

other incubation periods in the 0-5m zone. The average rate over ali incubation periods in 

the 5-10m zone was mdtipiied by this ratio in order to estimate the rate for the first 

incubation penod in the 5-10m zone. This process was repeated to estimate the rate in the 

hardwood zone. Incubations were only carried out fiom July to September in 1996. For 

between-year comparisons, instead of approximating an annual production value for 1996, 

the subset of 1995 values that were obtained during the same tirne period in 1996 was also 



totalled. Raw average rates, and not least squares mean rates were used to generate these 

estimates. 



RESüLTS AND DISCUSSION 

1. AMMONTFICATION AND NITRlFICATION 

Instantaneous Pool Size 

Pre-incubated soil NO3-N and N W N  levels represent initiai or instantaneous 

sizes of these ion pools. Initial N a - N  was consistently and substantiaüy higher than N03- 

N in both seasons and in both mil horizons (Figure 3, Table 4). In 1995, oniy eight of the 

samples collected fiom the organic horizon (2%) contaiaed more NO3-N than Ni&-N. 

Similarly, 18 of the minerai horizon samples in 1995 (13%), and 8 of the organic samples 

in 1996 (6%) contained more NOrN than NK-N. The quantity of NT+-N ranged fiom 

740-2240pg/100g and was in most cases, an order of magnitude greater than that of NO3- 

N (0-410pg/100g). Gordon (1986), in an old-growth P. glmca forest, Krause (1 982)- in 

both mixed hardwood (A. sacchmm, F. grandifolia, and B. alleghaniensis) and mixed 

softwood forests (P. rubens, A. balsamea. T. canadensis and T. occidentalis), and 

Davidson et ai. (1992), in a mature coniferous forest (Abies concolor (Gord. & Glend.) 

Lindl., Calocedrus d e m e n s  (Torr.) FIorin, Pseudotsuga menziesii (Mirb.) Franco), aiso 

observed a predominance of W-NN 

This general pattern may be due to several factors. The difttsional constraints in 

the soil solution are greater for NH&N than they are for NOS-N (Davidson et al., 1992). 

Negatively charged N03-N ions W s e  6 times as rapidly as positive m - N  ions (Reddy, 

1 982). NE&-N can become adsorbed to negatively charged soil particles whereas NO3-N 

is repelled and can be readily leached to either deeper horizons or downslope positions 

(Rice and Pancholy, 1972). These ion-specific characteristics can also influence organism 



Sm 1 Om 15-60m 
distance from shore 

5m 1 Om 15-60m 

distance from shore 

Figure 3. Back-transformed least squares mean instantaneous NOrN and Ni%-N pool sizes 
at three distances fiom shore in the a) Wneral horizon in 1995, and b) organic 
horizon in 1996 @ 95% confidence intervals). 



Table 4. Summary of back-transformed least squares mean (LSM) instantaneous NO+ and NI-&-N pool 
size and least squares mean ion production ratios in organic and mineral soils at three distances 
from shore in 1995 and 1996. LSM values with the same letter within a horizon category were 
not significantly different (P<0.05) using a Tukey-Kramer adjustment. 

Instantaneous Pool Size 
Distance Ion NO3-N m - N  

from shore production ratio1 n  dl 006) ( ~ d 1 0 0 ~ )  n 

Orcranic Horizon 
1995 
Sm 0.23(-0.11,0.58)~ a 294 307.64(162,7,581,7) a 2237.85(1441.15,3209.15)a 297 
1 Om -1 -37 (-3.17, 0.42) a 44 41 1.39 (193.44, 874.9) a 2230.85 (1361 .26, 33 14.12) a 45 
1 5-60m -0.95 (-4.9, 3.0) a 45 <0.00001 b 1720.24 (730.51, 3 127.46) a 45 

Mineral Horizon 
1995 
5m -61.05 (-1 14.21, -7.88) a 45 61.20 (38.73,96.4) a 1306.39 (686,62,2485.67) a 45 
10m -72,21 (-135.5, -8.92) ab 45 59.21 (36.71, 95.14) a 1433.29 (758,0,2710.25) a 45 
15-60111 -38.78(-74.22,-3.34) a 44 123.47(51,15,297.08)a 742.55(228,98,2407.62) a 45 

' Ion production ratio was calculated using equation 12 under 'Calculations'. Negative values indicate 
nitrification rates that were greater than ammonification rates. 

95% confidence intervals. 



uptake kinetics (Davidson et al., 1992), allowing plants and microbes to more rapidly 

assimilate f?ee NOrN than adsorbed w N N  As weii., the nitrification rate was usuaily 

found to be lower than the ammooincation rate, and if overail, more NHJ-N is produced, 

more NI&-N may aiso accumulate. Davidson et al. (1992) found comparable initial pool 

sires for N&-N and NO3-N in an actively n i m g  forest, but larger initial pools of 

TV&-N than NOrN in an older forest with low nitrification rates. Other factors may 

involve microsite variation in the production and consumption of specific ions, and anion 

exchange phenornena (Davidson et al., 1992). 

Although infrequent, when initial NO3-N was greater than Mt-N, it was 

primarily f.kom samples that were taken fiom the locations fùrthea from shore (1 5-60m). 

Of the samples that contained more NO3-N than 88, 56 and 88% percent that 

were coilected from the organic horizon in 1995, mineral horizon in 1995, and organic 

horizon in 1996 respectively were colected from distance 3. Additiondy, in 1996, 

adjusted mean initial NO3-N levels in soils of the organic horizon W e s t  ftom shore (15- 

60m), while substantially lower than N&-N levels, were significantly higher (Pc0.05) 

than adjusted mean NOrN levels found in the organic horizon 5 and 10m fiom shore 

(Figure 3b, Table 4). 1995 mineral horizon NO,-N distance trends were similar but not as 

significant (Figure 3 4  Table 4). 1995 statistical cornparisons in the organic horizon were 

inconsistent with these trends, and no significant spatial trends in initial N&-N content 

were apparent (Table 4). 

In a New Bninswick watershed also having coniferous and hardwood species in 

bottom and top dope positions respectively, Krause (1 982) found a similar trend, with 



4Omglkg of NOrN in hardwood forest floor soils in upslope positions and only 8mg/kg of 

NOrN in the softwood positions downslope. Higher and relatively uniforrn m N  leveis 

of approximately 200mglkg were noted in both positions. This slight initial NOrN level 

trend with distance may perhaps be due to more rapid dispersion of NOrN with water in 

the saturated soils of the near-shore zone (Paul and Clark, 1989). As well adjusted mean 

nitrification rates were lower in soils close to shore as compared to upslope soils in 1996 

(Figure 4, Table 5). NO3-N produced at any location dong the ecotone has the potential 

for rapid uptake by one of several siaks, however conceivably, in areas where more NO3- 

N is produced, more NO3-N can also accumulate. Investigations on subsu&ace flow have 

also reported decreasing NOrN concentrations as the riparian zone is approached 

(Krause, 1982; Lowrance, 1992; Schipper et ai., 1993). The decreases in soi1 extractable- 

NO3-N concentrations found as the shoreline was approached seem to suggest that a 

similar trend may have also been noted in the subsurface flow. It may be that some degree 

of transfer of NO3-N fiom upslope to downslope positions in a water-related pathway was 

o c c ~ g ,  and that the riparian area was acting to process this material; however this 

mechanisrn carmot be verified using only the data obtained. 

Inorganic Nitroaen Production With Res~ect To Distance 

Net nitrogen mineral ion rate was calculated using equation 13 under 

'Calculations', and adjusted mean rates were significantly higher at locations W e s t  fkom 

shore (15-60111) as compared to 10m fkom shore in the organic horizon in 1996 (Figure 4, 

Table 5). Adjusted mean nitrification rates dso increased modestly with distance from 

shore in 1996 (Figure 4, Table 5),  and the highest correlations with nitrification rate were 
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Figure 4. Back-transformed least squares mean ammonification, nitrification and net N 
mineraikation rates in the organic horizon at three distances tiom shore in 1996 
95% cordidence intervais) a) per lûûg dry weight, and b) per m2 to the depth of 
the organic horizon. Net mineralization rate was calculated using equation 13 
under 'Calculations'. 



Table S. Summary of back-transformed least squares mean ammonification, nitrification and net nitrogen 
mineralization rates in organic and mineral horizons at three distances from shore in 1995 and 
1996, LSM rates with the same letter were not significantly different (P<O,OS) using a Tukey- 
Kramer adjustment, 

Distance Ammonification Nitrification Net ~ineralizat ion' n 
from Shore ( v g ~ ~ - ~ . l  00~"~d") (pgN03-Na 1 OOgl.d") (pgN. 1 00~-'*d") 
Mineral Horizon 
1995 
Sm -6.82 (-16.55, 4.62)2 a 19.04 (7.94, 36.32) a 24.06 (12.1 1, 36.0) a 45 
10m -3.98 (-1 1.54, 4.53) a 13.23 (5.69, 23.98) a 24.23 (12.7, 35-77) a 45 
15-60m 26.45 (-2.77, 67.98) a -4.81 (-8.3, 1.96) b 15.82(0.49,31.16) a 45 

Ornanic Horizon 
1995 
Sm 101 .O1 (46.05, 178.16) a 6.1 1 (1.64,22,80) a 120.92 (41.48, 222,Ol) a 294 
1 Om 67.30 (20.74, 133.43) a 4.78 (1.27, 17.94) a 69.76 (2.01, 160.42) a 44 
15-60m 334.09 (76.27, 991.71) a 1,8(0,1,33,68) a 107,93(-45.2,407,04) a 45 

1996 (mg~~4-N-rnrn2*dd1) ( m n ~ ~ ~ - ~ - m - 2 . d " )  {m@J.m'2.d-') 
Sm 24.29 (-6.0, 54.6) a 25.38 (8.4, 61.32) a 70,08 (-13.5, 126.7) a 47 
10m 4.2 (-28.9, 37.2) a 17.21 (4.9, 42.48) a -41,28 (-90.9, 8.3) b 48 
15-60m 47.33 (9.2, 85.5) a 72.9 (38.7, 132.78) b 143.1 (97.4, 188,8) c 46 
I Net nitrogen mineralization rates were calculated using equation 13 under 'Calculations'. 
95% confidence intervals. 



found with distance fiom shore in both samphg years and in both horizons (Table 6). 

Adjusted mean ammonincation rates decreased significantly 15-60m f?om shore in 1996 

(Figure 4, Table 5). The ammonificatioa rate decreases noted at the locations furthest 

fiom shore couid be attributed to the slight increases in the nitrification rate also noted at 

this location, 

1995 net nitrogen mineralkation rates did not change significantiy with respect to 

distance. This may have been because adjusted mean nitrification rates in the organic 

horizon also did not change with distance fkom shore, 1995 mineral horizon adjusted mean 

nitrification rates decreased, and adjusted mean ammonincation rates in both horizons 

were not significantiy dmerent with respect to distance from shore (Figure 5, Table 5). 

Additionaliy, low correlations between ammonification rate and distance were found 

(Table 6). 

There was a marked Merence in the depth of the organic horizon between 

upslope and near-shore positions. When this difference was accounted for by caiculating 

the rates on an areal basis to the depth of the organic horizon found at each location, 

adjusted mean nitrification rates and net mineralkation rates were stili sigdicantly higher 

in the upslope (1 5-6Om) position (Figure 4b, Table 5). Organic horizons near-shore (mean 

depth=2lcm) contributed 25.4mg ~ ~ r ~ - r n - ~ - d - '  and 70. lmg ~-rn-**d-', whereas the 9cm 

(mean depth) organic horizons fiirthest fiom shore contributed 72.9mg ~03-~*rn-**d-' and 

143mg ~ -m-~-d- ' .  Therefore, although the organic layer was shallower and there was much 

less organic soi1 per d a c e  area unit upslope, the quantity of NO3-N and N produced was 



Table 6. Pearson correlation coefficients in 1995 and 1996 for a) variables involved in 
minerai and organic horizon ammonification and nitrincation rate estimation, b) 
soi1 parameters, and c) topographic and vegetation parameters. Astensks indicate 
signifïcance at P<0.05. '/' indicates that either the effect was not estimated in that 
sarnpling year, or that the correlation coefficient of interest bas already been 
reported within the table. 

a) 
AMMONIFICATION RATE NITRIFICATION RATE 

Variable Mineral Organic Minerai Organic 
Horizon Horizon Horizon Horizon 

1995 1995 1996 1995 1995 1996 

n 
Site Location 
Sample Date 
Distance fiom shore 
Soil temperature 
Soil moisture 
Soil depth 
Soi1 buk density 
Shoreline dope 
Aspect 
Slasp 
Conifer basal area 
Tree basal area 
Mineral ammonification' 
Mineral nitrification 
Organic ammonifkation 

- 

Organic nitrification / 0.03 -0.13 1 1 

'Organic and minerd refer to the soi1 horizon where the rate was estimated. 



b) 
Variable Distance Soil Soil Moisture Soi1 Depth Bulk 

from Shore Temperature Density 
1995 1996 1995 1996 1995 1996 1995 1996 1996 

n 612 144 612 144 612 144 612 144 144 
Sample location -0.25* 0.0 -O.48* -0,21* 0.15* 0.1 1 0.16* 0.31' 0.23* 
Sample date 0.10* 0.0 0.12* 0.58* -0,16* -0.45* -0.03 -0.04 0.0 
Distance 1 1 0,55* 0,39* -0,46* -0.23* -0.23* -0.44* 0.39* 
Soi1 temperature 1 / 1 1 -0.45* -0,61* -0.60* -O,61* 0.31* 
Soil moisture 1 / / 1 1 / -0.20* 0,37* -0.39* 
Soil depth 1 1 1 1 1 1 / 1 -0.09 
Shoreline dope -0.35" -0.4 1 * -0.29' -0.08 0.12* -0.13 0.09* -0.05 -0.14 
Slasp -0.21* -0.14 0.12* -0.01 0.17* -0.05 -0,06 -0.12 0.05 
Aspect -0.34* 0.0 -0,47* -0,13 0,23* 0.05 0.09' 0.09 0.13 
Conifer basal area -0.70* -0.70* -0,74* -0,54* 0.30* 0,23* 0.33* 0.56* -0.14 
Tree basal area -0.46* -0.60' -0.75* -0,46* 0.18* 0,17* 0.34' 0.37* -0.07 
Soil horizon 0.35* 1 0.25* / -0.80* 1 0.42* 1 1 



c) 
Variable Slope Slasp Aspect Conifer Basal Tree Basal 

Area Area 
1995 1996 1995 1996 1995 1996 1995 1996 1995 1996 

n 612 144 612 144 612 144 612 144 612 144 
Location 0.12* -0.08 -0.24* -0.1 1 0.64* 0.14 0.28* 0.27* 0,22* 0.21* 
Slope 1 1 0.42* 00.49* 0.44* 0.29* 0.41* 0,42* 0.40* 0.50' 
Slasp / / / 1 0.28* 0,74* 0,14* 0,17* 0.02 0.26* 
Aspect 1 / 1 / / 1 0.35* 0.17* 0.25* 0.27' 
Conifer BA 1 / 1 1 1 / 1 1 0.88* 0.88* 
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Figure 5. Back-traasformed least squares mean ammodication, nitrincation and net N 
minerakation rates at three distances fiom shore in 1995 (_+ 95% confidence 
intemais) in the a) organic horizon, and b) mineral horizon Net mineraiization rate 
was calculated using equation 1 3 under 'Calculations' . 



greater than that produced f h m  an equd d a c e  area unit with more organic soi1 close to 

shore. 

Ion Production Ratio 

The ion production ratio was calculated using equation 12 under 'Calculations'. 

Negative values resulted when the log of this ratio was less than one, and represented 

situations in which the nitrification rate was greater than the ammonification rate. The net 

ammonification rates obtained were usually positive, indicating m - N  accumulation 

during the incubation period. Some of the N&-N produced during an incubation period 

was possibly converted to NO3-N, and therefore the actuai rate of NH4-N production, 

aithough inestimable using the buried bag technique, was probably greater than that 

determined by simply subuacting the amount of NHTN present at the end of the 

incubation period fiom that present prior to incubation. Situations where negative ratios 

occurred therefore likely overestimated the difference in rates, especially in cases where 

the nitrification rate was high. In spite of this, the ratio was usefùi for generaily cornparhg 

the ammonification and nitrification rates estimated at each of the three distances f?om 

shore with respect to their magnitude. 

Negative adjusted mean ion production ratios were consistentiy found in the 

upslope positions fùrthest fiom shore (15-60m) in both seasons in the organic horizon, 

whereas positive ratios were aiways found Sm from shore (Figure 6, Table 4). In 1996, 

soi1 samples fiom the organic horizon fùrthest fkom shore had significantly lower ratios 

(R0.05) than soils at either 10 or Sm fiom shore (Table 4). 1995 statistical comparisons 
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Figure 6. Least squares mean ion production ratio at three distances fiom shore in the 
organic horizon 95% confidence interval) in a) 1995, and b) 1996. 'Ion 
production ratio' was calculated using equation 12 under 'Calculations'. Negative 
values indicate nitrification rates that were greater than ammonification rates. 



in the organic horizon were sidar but not as significant, and cornparisons in the mineral 

horizon were inconsistent with these trends. 

Given the amount of NH4-N present in the soil prior to incubation, there was 

comparable nitrification potential at al1 locations across the width of the ecotone. N O r N  

was the predominant ion produced at the upslope positions fùrthest fiom shore in the 

organic horizon during one month incubations. If only initiai ion quantities were examined, 

this pattern could not have been easily predicted, as initial NOrN levels were always 

substantiaüy lower in cornparison to W - N .  Due to its mobility, any NO3-N that is 

produced in uncontained soi1 is most LikeIy leached or taken up rapidly by plants or 

microbes before it can accumulate. The initiai levels of Na-N found thus only represent a 

s m d  fkaction of the total amount of NOsN that is probably produced, especidy in the 

soils collected fiom upslope locations. N03-N was, in a sense 'captured' using buried-bag 

incubations, and therefore was not found in great quantities at a single point in tirne in 

uncontained soil. 

Cornparison Between Soi1 Horizons 

Initial ion levels in rnineral soif showed similar trends but were generaiiy lower than 

those of the organic horizon (Table 4). Organic horizon NO3-N and NT&-N levels were 

approximately 250pg/100g and 2000pg/100g, whereas corresponding initial levels in the 

rnineral horizon were only 80pg/100g and 1 160pg/100g, respectively. As well, trends in 

mineral soils at the tbree distances across the width of the ecotone in ammonifkation and 

nitrification rates were sirnilar to, but occurred on a much smaiier scale than those of the 



organic horizon in 1995 (Table 5). In the organic horizon, rates ranged from 1 to 

3 3 0 ~ ~ -  100~-'d-' whereas in the mineral horizon, the rates ranged firom -5 to 

27pg- 1 Oog-'d? 

Mineral horizon samples were incubated 15 cm below the organic horizon samples. 

As water, oxygen, organic matter input, and thus soil organism activity usually tend to 

decrease in soii horizons that are M e r  fiom the d a c e  (Brady, 1984; Binkley and Hart, 

1989; Paul and Clark, 1989), these patterns were expected. Boone (1992) and Gordon 

(1986) aiso noted Iower in silu nitrogen accumulation rates in soils of the mineral horizon 

as compared to organic soils. Soi1 samples f?om the mineral horizon were much drier 

(3 5% moisture content on average) than samples from the organic horizon (1 60% 

moisture content). It has been noted (Van Miegroet, 1995) that relatively dry mineral soils 

(50- 100% moisture content) generaiiy contain lower levels of inorganic nitrogen than 

mineral soils of 100- 160% moisture content. 

As well, mineral horizon production trends with respect to distance nom shore 

may have occurred on a much smalier scale as compared to the organic horizon because 

certain related parameters also varied on a much smalier scale with respect to distance. 

The moistwe content of the minerai horizon was found to decrease with distance fiom 

shore, but ody slightly (decrease of 1 % between 5rn and the hardwood zone) in 

cornparison to the organic horizon (decrease of 67%) (Table 7a). Soii temperature also 

increased with distance fkom shore, but again, not as much as the organic horizon soil 

temperature increased (0.7"C increase in the minerai horizon between Sm and the 

hardwood zone as compared to an increase of 1.4"C in the organic horizon) (Table 7a). 



Table 7. Sumrnary of several environmental parameters estimated at buried-bag incubation 
sites and in organic and mineral horizons at three distances fiom shore in 1995 and 
1996. Values reported are averaged over aîi sites and sampling dates each year, 
and standard errors are in brackets. 

a\ - 

Organic Horizon Mineral Horizon 
Distance 
fiom shore 1996 n 1995 n 1995 n 

Soil Temperature ("Cl 
5rn 12.79 (O. 12) 48 12.03 (0.05) 294 12.50 (0.09) 45 
10m 12.61 (0.12) 48 12.42 (0.10) 44 12.5 1 (0.09) 45 
15-60x11 13.69(0.12) 48 13.43(0.08) 45 13.20 (0.05) 45 

Soil Moisture Content (%) 
Sm 167.73 (6.10) 48 184.30 (3.05) 294 36.34 (1 -52) 45 
10m 157.88 (4.86) 48 177.70 (6- 17) 44 3 5.17 (1 -72) 45 
15-60m 129.96 (5.48) 48 117.49 (7.50) 45 35.35 (1.42) 45 

Soil Depth (cm) 
Sm 20.79 (1.36) 48 20.65 (0.60) 297 
10m 19.90(1.37) 48 15.04(0.92) 45 
15-60m 10.81 (0.71) 48 8.51 (0.61) 45 

Soil Bulk Density ( ~ c r n - ~ )  
5m 0.23 (0.005) 48 
10m 0.24 (0.002) 48 
15-60m 0.27 (0.007) 48 

Distance 
fiom shore 1996 n 1995 n 

Slope (demees) 

Tree Basal Area (per plot) 
5-10m 0.57 (0.03) 12 0.59 (0.07) 9 
15-60m 0.33 (0.05) 12 0.34 (0.04) 9 

Conifer Basal Area (per dot) 
5- 10m 0.50 (0.03) 12 0.50 (0.06) 9 
15-60m O. 15 (0.05) 12 0.06 (0.05) 9 



Com~arison Between Sam~luig Years 

For organic horizon ammonification rate, 319 and 6/10 of the main effects in 1995 

and 1996 respectively were found to be significant (Table 8a). Eight of the interactive 

effects that were significant in the multiple regression modek in 1995 were found to be 

significant again in 1996 (Table 8b). For nitrification rate, 919 and 6/10 of the main effects 

in 1995 and 1996 respectively were found to be signifïcant (Table 9a). Five of the 

interactive effects were significant in both sampiing years. The highest number of 

significant interactions was found to occur with the variable 'total coniferous basal area 

per plot' in both 1995 and 1996 (Table 9b). As well, distance was involved in more 

significant interactions in 1996 than in 1995 for both amrnoniIication and nitrification rates 

(Table 8b, 9b). Initiai NO3-N and NIL-N levels were almost twice as high in 1995 as 

compared to 1996, especialiy 5 and 10m from shore (Table 4). Mineral horizon N03-N 

levels in 1995 were more comparable to 1996 organic horizon NO3-N levels than were 

1995 organic horizon estimates. As weU, 1996 initiai ion pool size, ammonification rates, 

nitrification rates, net nitrogen mineralization rates and ion production ratio trends with 

respect to distance were much more logical and consistent when considered together than 

were the patterns observed in 1995. 

These disparities may simply be due to year to year variation, but more likely may 

have occurred because the set of sites studied in each of the sarnpling years was Merent. 

In 1996, the 12 across-ecotone transects were fairly evenly spaced around the lake, and 

encompassed a broad range of inorganic nitrogen production estimates. The transects 

were selected according to the 1995 rate estimates, with equal representation of each of 4 



Table 8a. Slope estimates and standard errors of independent variables retained in multipte regression 
models with 1995 mineral and organic horizon ammonification rate and 1996 organic horizon 
ammonification rate each used as the dependent variable. '1' indicates that the effect was not 
estimated in that sampling year. 

Variable Sloue Estimate Standard Error 
Minera1 Organic Organic Minera! Organic Organic 

1995 1995 1996 1995 1995 1996 
distance 1 -98.1 O 140.74 17.55 63.78 174,33 6.97 
distance 2 -98 134.8 1 14.04 63.77 174.06 7.01 
distance 3 -1 10.66 144.03 0.56 63.42 174,OS 5,24 
temperature 7.46 ns' -9.22ns 0.45ns 4.14 11.37 0.29 
depth 0.30 ns -0.20ns -0.46 O. 18 0.5 1 O, 13 
moisture -1.34 -0,OSns 0.006ns 0.17 0.06 0.007 
aspect 0.04 -0,30 -0,005ns 0.02 0,08 0.006 
slasp -0.08 ns -0.211s -0.42 0,11 0.35 0.08 
slope -0.63 0.001ns -1.66 0.24 0.02 0.28 
tree basal area 30.67 92.251s 5 1.48 9.81 1732743 10.78 
conifer basal area 1,62 3.54 -40.38 0.55 0.81 7.55 
bulk density ne2 ne 14.44ns 1 1 9,68 

'NS indicates a main effect with a dope not significantly different from zero (P<O.O5), but due to sipificant 
interaction between it and one or more of the other independent variables, it was retained in the model. 

2 Ne indicates that the variable was not estimated in that sampling year. 
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Table 9a. Slope estimates and standard errors of independent variables retained in multiple regression 
models with 1995 mineral and organic horizon nitrification rate and 1996 organic horizon 
nitrification rate each used as the dependent variable. '/' indicates that the effect was not 
estimated in that sampling year. 

Variable Slope Estimate Standard Error 
Mineral Organic Organic Minerat Organic Organic 

1995 1995 f 996 1995 1995 1996 
distance 1 467.14 2508S9 14,3 1 124.65 95 1 .O3 2.96 
distance 2 
distance 3 
temperature 
depth 
moisture 
aspect 
slasp 
slope 
tree basal area 
conifer basal area 
bulk density ne2 ne 22.53 / / 6,69 

'NS indicates a main effect with a slope not significantly different from zero (P<0.05), but due to significant 
interaction between it and one or more of the other independent variables, it was retained in the model. 

' ~ e  indicates that the variable w ~ s  not estimated in that sampling year, 



Table 9b. Slope estimates and standard mors of independent variable interactions whose slopes 
were significantly different from zero (P<O,OS) in multipte regression models with 1995 
Minera1 and organic soi1 horizon nitrification rate, and 1996 organic horizon nitrification 
rate each used as the dependent variable. '/' indicates that the effect was not lneasured 
in that sampling year. 

Interaction Slope Estimate Standard Error 
Minera1 Organic Organic Mineral Organic Organic 

1995 1995 1996 1995 1995 1996 
mc x dist l -0.86 0.32 
mc x dist2 
mc x dist3 
slasp x dist 1 
slasp x dist2 
slasp x dist3 
dope x dist 1 
dope x dist2 
dope x dist3 
conifer x dist 1 
conifer x dist2 
conifer x dist3 
bd x dist 1 
bd x dist2 
bd x dist3 
temp x depth 
temp x tree 
temp x conifer 
depth x asp 
depth x slasp 
depth x dope 





nitrogen production level categorïes (hi& ammonification and hi& nitrincation, high 

ammodication and low nitrification, low ammonification and high nitrification, and low 

ammonification and low nitnfication) (refer to 'Methodology'). Conversely, more than 

haif of the 1995 across-ecotone transects were located dong one specific section of the 

shore, only represented a single slope/aspect category, and likely did not completely 

describe the variation in production rates. 

The main differencc between the 1995 and 1996 multiple regression modeb used 

to predict inorganic nitrogen production rates was that buik density was not estirnated or 

included in 1995. The models obtained in 1996 which included soil bulk density estimates 

were not found to be very consistent to those fiom 1995, and it was thought that the 

inclusion of bulk density as a variable may have been the cause for these disparities. in an 

attempt to understand these between-year discrepancies, the 1996 nitrification and 

ammonification models were derived a second tirne without includiig bulk density and its 

associated interactions as explanatory variables. This manipulation however, was not 

successfûl in increasing the sidarity of the models betwecn the two samphg years. 

Environmental Factors 

Nitrification rates in soils at the near-shore position were lower than 

ammonification rates, but were greater than ammonification rates in soils at locations 

fhthest from shore, especiaiiy in 1996. Several factors may have led to this shifi in the 

predominant ion produced with distance fiom shore. Although observationai analyses and 

the subsequent use of multiple regression are complicated and cannot demonstrate cause- 

effect relationships, they are typicdy best suited to in situ landscape-level studies. This is 



because in the field, treatments c m o t  usuaiiy be assigned randomly (Snedecor and 

Cochran, 1989), the environmental variables are not static (Powers, 1990) and cannot be 

easily manipulated, and controlIed experiments alone simply cannot accommodate and 

account for aii of the related variables. When the relationship between the dependent and 

independent variables is not known, mdtiple regression can be particulariy powerfiil and 

cm provide an appropriate fiamework for examinhg continuous variables and their 

interactions. Reporting a variable as continuous, as is commonly employed in multiple 

regression, is usefiil in cases such as these when there is no bais for its logical division 

into discrete levels, and is dso the most accurate representation of its variation (Aiken and 

West, 1991). 

Only eight environmenta1 M o r s  were measured dong with the ammonification 

and nitrification rates, although there were liiely many other umneasured interacting 

variables that infiuenced both the environmental factors and the biological rates 

themselves. Van Miegroet (1995) found only a srnaii fraction of the variation in inorganic 

niuogen to be explained by a two-factor model, and suggested that the variation observed 

was likely due to site and environmentai factors other than those considered in the 

regression analysis. The multiple regression models derived in the present study were 

large, and varied considerably and unpredictably (Tables 8, 9). Al1 of the main effects were 

generally retained in the models, as interactions with at least one of the other explanatory 

variables occurred and were usually highiy sigdicant. This means that in most cases, each 

of the factors expiored was in some way si@cantly related to the response variable. 

Since the main eEects usuaiiy participated in at least one si@cant interaction, oniy the 



coefficients and sigdicance levels of the interactions, and not those of the individual 

effects, could be used for interpretation purposes. However, there was Little overlap 

between samphg years and soil horizons in the interaction terms that were found to be 

significant. As weil, significant trends in the predicted response variable (ammonification 

or nitrification rate) with respect to distance corn shore, although quite distinct upon 

observation of the actual rates, were seldom attahable using transforrned (normalized) 

rates. This may have been due to the number of terms involved in each of the models, and 

the corn plex interrelationships b etween the measured and unrneasured inde pendent 

variables and the dependent variable. Finally, the major@ of the studies in the literature 

have approached nitrogen cyclmg in riparian areas through analysis of subsurface and 

groundwater flow in stream nparian areas (e-g. Krause, 1982; Lowrance, 1992; Schipper 

et al., 1993). Relatively few studies have examined soi1 inorganic nitrogen formation and 

cycling in the context of lake watersheds and riparian areas (Coats et al., 1976). These 

obstacles, dong with the fact that several of the independent variables were correlated 

(Powers, 1990) (Table 6), made it difficult to understand the cornplex, in situ mechanics 

behind the spatial trends observed in the biological rates in this ecosystem. Nonetheless, 

these environmental factors cannot be considered in isolation (Powers, 1990) and the 

multiple regression rnodels were usehl in realizing the large arnount of variation in the 

magnitude, sign and significance level of the dope coefficients that existed between years 

and horizons with respect to the nitrification and ammonincation rates. 

Changes in the biological rates, especiaily nitrification, with distance fiom shore 

may have been observed because aimost al of the other environmental parameters that 



were estimated also appeared to be iafluenced by distance. As welI, each of the 

environmental variables that seemed to be tinked to distance tkom shore also appeared to 

be at least moderately correlated to either soi1 moisture or soil temperature (Table 6). It 

cannot be concluded as to whether this was instead due to the primary influence that 

distance fiom shore seemed to have on most of these variables. Distance fiom shore may, 

however have acted as a general variable that broadly described changes in the other 

environmental parameters and could have indirectly represented changes in soil 

temperature and soil moisture, the main duences on nitrification (Paul and Clark, 1989; 

Grundmann et al., 1 995). 

Topomap hic Influences 

The slope of the ground tended to increase as the shoreline was approached 

(Figure 74 Table 7b). The average siope of near-shore sites was 15 and 18 degrees in 

1995 and 1996 as compared to slopes of 10 and I l  degrees at sites fùrthest fkom shore in 

1995 and 1996 respectively. Low but significant negative correlations were aiso found 

between dope and distance tiom shore (Table 6). Krause (1982) found that elevation and 

slope related to both the distribution of hardwood species and NO3-N formation through 

soii moisture influences. The high base content of hardwood litter favours nitrification, and 

hardwood species were more vulnerable to fiost damage in lower areas, lirniting them to 

the more weU-drained soils upslope. Zak et al. (1991) also noted that slope position 

inauenced drainage and nitrification rates. Similady, nitdication was greatest in this study 

in 1996 in the drier, upslope, hardwood areas, suggesting that slope position and elevation 

can indirectly infiuence inorganic nitrogen formation. 
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Figure 7. Variation in a) average transect slope and b) average tree and coniferous basal area 
per plot at three distances fiom shore in 1996 estandart error). 



Aspect position and aiso how steeply the grouad was sloped governed the 

orientation of the bag incubation sites in relation to the sua To some extent then, these 

parameters determined the intensity and reflectance of soIar irradiation on the soi1 surface 

and iikely had an influence on soi1 temperature (Paul and Clark, 1989). Aspect and the 

slope/aspect combination variable ('slasp') (refer to 'Calculations') were always involved 

in at least one sigaificant interaction for each of the multiple regression modeis (Table 9b), 

but inconsistent magnitudes and signs of the regression coeficients, and low correlations 

between these independent variables and the biological rates were usually found (TabIe 6). 

This, dong with the circular nature of the aspect variable, made it diftlcuit to assess the 

overall effect that aspect had on ammonifkation and nitrification rates. Aspect was not 

found to influence nitrogen mineraüzation in a small-scaie topographie study by Zak et ai. 

(1991), 

Total Basal Area Per Plot 

The total tree basal area per plot tended to decrease with distance from shore 

(Figure 7b, Table 7b). Low but sigaificant negative correlations between total basal area 

per plot and distance fiom shore were also noted (Table 6). Vegetation cover c m  reduce 

the rate of nitrogen release by shading the surface of the soii (Vitousek et ai., 1982). More 

shade may have led to the lower soi1 temperatures and higher moisture contents found in 

the soils in this near-shore area. Although low, significant corrdations were found 

between total tree basal area per plot and soi1 temperature (negative) and soii moisture 

(positive) (Table 6). There also may bave been Iarger quantities of litter contnbuted in the 

near-shore area, which may have indiuectly innuenced the depth of the organic horizon 



(Poovarodom and Tate, 1988). Low but signiîïcant positive correlations between total tree 

basal area per plot and soil depth were also observed (Table 6). Deeper soils are kely to 

be less aerobic and less influenced by air temperature fluctuations (Lieffers, 1988). These 

efeds may have contributed to the low but significant negative correlations noted 

between tree basai area per plot and nitrification (Table 6). 

Total Coniferous Basal Area Per Plot 

The total coniferous basai area per plot was highest in the near-shore zone (Figure 

7b, Table 7b). Low but si&cant negative correlations between total coniferous basal 

area and distance tiom shore were aiso observed (Table 6). Low but significant negative 

correlations were found between nitrification and total cooiferous basal area per plot 

(Table 6). Coats (1976) also found negative correlations between the amount of 

coniferous cover and nitrification rate. As well, the 'coaiferous basal area per plot' 

variable was involved in more significant interactions than any other explanatory variable 

in both 1995 and 1996 in the organic horizon with respect to nitrification (Table 9b). 

Coniferous species can suppress soil inorganic nitrogen release (Gosz, 198 1) through their 

influence on several soil parameters. Organic acids are released nom the Litter of most 

coniferous species d u ~ g  decomposition, and this increases soil acidity (Kimmins, 1987). 

Powers (1990) however, found that soil pH was unrelated to vegetation type. 

Nonetheless, nitrification rates are uwaily lower under acidic conditions (Alexander, 1977; 

Brady, 1984; Gilmour, 1984; Paul and Clark, 1989). Tannins, phenoiics, and other 

alIelochemicals produced by certain species that complex with proteins (Staaf and Berg, 

198 1) have also been invoked as a possible explanation for nitrification inhibition (Rice 



and Pancholy, 1972; 1973), yet this does not explain the higher nitrification rates observed 

in the mature hardwood forest locations upslope-it may be tbat only certain species- 

specific inhibitors are being produced (Krause, 1982). 

B oone (1 992) found that net mineralization in soils of a predominantly A. 

sacchmuni stand was 2-5 tirnes greater than that in soils of a P. strobus stand, and 

Flanagan and Van Cleve (1983) noted respiration rates in deciduous litter were twice as 

high as those for coniferous litter at the sarne temperature and moisture. in general, lignin 

content is higher and C:N ratios are wider in coniferous substrates than in deciduous 

substrates (Staaf and Berg, 198 1; Pastor et al., 1984). C:N ratios are thus an index of litter 

quality, and can innuence the rate at which litter is broken down and the overall amount of 

nitrogen released to the soi1 (Brady, 1984). Flanagan and Van Cleve (1 983) noted a 

general inverse relationship between Lignin content and iitter decay rate, and Powers 

(1990) found that the proportion of NO3-N was related inversely to soi1 C:N ratio. In 

addition, Coats (1976) found negative correlations between litter C:N ratio and 

nitrification, and suggested that NHcN was likely microbiaüy immobilized in soils having 

wide C:N ratios. Immobilization of NH,&i rnay have limited nitrification. However, it 

does not seem that in the near-shore zone there was less overall inorganic nitrogen 

released fiom organic matter and that this limited nitrification, as initial soi1 N&-N levels 

were not found to be substantially lower than those upslope where nitrification was 

occurring (Figure 3, Table 4). 

Lower quality litter takes longer to decompose and may accumulate to a greater 

degree than higher quality litter (Poovarodom and Tate, 1988). Indirectly then, litter 



quaiity iduences the depth of the organic horizon. Boone (1992) noted at least 5cm 

organic horizons under a P. strobus stand, but that Litter that was contributed to the soil 

surface of a predominantly A. sacchanm stand in the f d  was nearly absent by the end of 

the foiiowing summer, and although low, significant positive correlations between 

coniferous basai area per plot aiid soil depth were noted (Table 6). Sample bags that were 

incubated fùrther fiom the surface may also be exposed to less aerobic or cooler 

conditions (Lieffers, 1988). These combined effects related to coniferous species may have 

influenced nitrifier activity in the near-shore zone. 

Soi1 De~th  

As previously mentioned, there was a large ciifference in the depth of the organic 

horizon between upslope and near-shore positions (Figure 8% Table 7a). Organic sods in 

the upslope positions were on average, 8.5 and 10.8cm deep in 1995 and 1996, whereas in 

the near-shore zone, organic horizons averaged 20.7 and 20.8cm in 1995 and 1996 

respectivety. Low, but significant negative correlations between soil depth and distance 

fiom shore were aiso noted (Table 6). This trend may have been due to changes in both 

the amount and type of cover with distance fiom show. Larger quantities of lower quality 

litter were likely contributed to the soils of the near-shore area, which, combined with 

slightly lower temperatures and bigher moisture content, rnay have led to lower 

decomposition rates and greater buildup of the organic horizon (Poovarodom and Tate, 

1988). 

Since sample bags were incubated at the organic-mineral horizon UiterFace, bags 

that were incubated at near-shore positions were buned roughly lOcm deeper and were 
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Figure 8. Organic soii horizon parameters at three distances fiom shore in 1996 estandard 
error). a) Average depth of the organic horizon and average soi1 bulk density, and 
b) average estimated soi1 temperature and average soi1 moisture content. 



likely less directly infiuenced by air temperature md were more likely to be exposed to 

anaerobic conditions than the bags incubated furthest fiom shore (Lieffers, 1988). Low 

but signincant negative correlations between soi1 depth and soil temperature were 

observed (Table 6). Flanagan and Van Cleve (1983) found forest floor depth to be 

strongly correlated with temperature sums (Ranagan and Van Cleve, 1983). Slightly 

cooler and less aerobic s o b  close to shore may have iduenced the activity of nitrifiers in 

this area Agreeably, low but significant negative correlations between soi1 depth and 

nitdication in both soil horizons and in both sampling years were found (Table 6).  

Soit Bulk Density 

Organic horizon bulk density increased siightly with distance from shore (Figure 

8% Table 7a). Soils closest to shore averaged 0.23gcm-~, whereas soils fiirthest from 

shore averaged 0.27 g - ~ r n - ~ .  As weü, a low but significant positive correlation was found 

between soii bulk density and distance h m  shore (Table 6). Bulk density is a measure of 

the amount of soi1 pore space as compared to soil solids, with higher values indicating less 

overall pore space (Humphrey and Pluth, 1996). In soils of very high organic matter, the 

pore space per unit volume is hi& (low bulk density) because the soil particles do not lie 

close toget her but instead are arranged in porous aggregates (Brady, 1984). Bulk density 

therefore may have been slightiy lower in the near-shore zone than in upslope positions 

because of greater orgaaic matter accumulation in this area. In addition though, bulk 

density detenninations in the upslope positions may not have been entirely accwate 

because in most cases, it was dEcult to obtain a M 8 c m  core fiorn the thinner and less 

distinct organic horizons of this area. 



The change in bulk density with distance was not very large, but it may have 

inûuenced other soil parameters. Low but signifïcant correlations were noted between soi1 

bulk density and soii temperature (positive) and soii moisture content (negative) (Table 6). 

Since soi1 aeration is regulated by the proportion of large pores (rnacropores), and since 

buk density measures total pore volume and not pore sue, bulk density cannot be used as 

an accurate index of soil aeration. Adakh et al. (1996) stated that nitrification potential in 

soils was determined through the complex interaction of several factors including substrate 

availability, soii structure, bulk density, pore size, aggregation and water infiltration rates. 

Many of these factors were not estimatcd, and this may be part of the reason that it was 

difficult to understand the relationship between buUr density and the biological rates. 

Soil Temuerature 

Soils close to shore were, on average estimated to be 1°C cooler than soils fiirther 

fiom shore (Figure 8b, Table 7a). Although they were not large, significant positive 

correlations between soil temperature and distance fiom shore were noted (Table 6). As 

previously mentioned, these decreases may have been due to increased total basal area and 

increased depth of the organic horizon. Temperature iafluences microbial activity diredy 

(Gilmour, 1984; Poovarodom and Tate, 1988; Paul and Clark, 1989), and can dso act 

indirectly through its interaction with soil moisture (Paul and Clark, 1989). Large diumal 

changes are less Likely in wet soils than in dry soils due to the hi& specific heat of water 

(Curtis, 1979). Soil temperature and moisture also infiuence oxygen solubility and 

f i s i o n ,  which affects soii aeration conditions and microbial response (Gmndmann et al., 

1995). Moisture content was higher in the soils of the near-shore zone, and low but 



sipifkant negative correlations were found between soil temperature and soi1 moisture 

(Table 6). As weU, low but significant positive correlations were noted between soi1 

temperature and nitrification (Table 6). Mineraiization more than tripled between the 

lowest and highest soil temperature locations on an altitudinal gradient when moisture was 

held constant in a study by Powers (1990). In Iaboratory experiments, Eno (1960) found 

that changes in NOî-N production corresponded to soil temperature fluctuations, and 

Grundmanu et al. (1995) noted maximum nitfication activity when field temperature 

maximums (20-25°C) were simulated. 

Soi1 Moisture Content 

Organic horizon soil moisture content was higher 5m fiom shore as compared to 

the soils fiuthest fiom shore in both sampling years (Figure 8b, TabIe 7a). Average 

moisture contents of 184% in 1995 and 167% in 1996 were found in soils of the near- 

shore zone, as compared to 117% and 129% in soils fiirthest fiom shore in 1995 and 1996 

respectively. Low but significant negative correlations between soi1 moisture content and 

distance from shore were also noted (Table 6). As mentioned, these increases rnay have 

been due to increased total basal area, greater organic horizon depth, and also decreased 

soil temperatures in this area. Soils of the near-shore zone were also topographicdy lower 

and rnuch closer to the water table than were soils at the upslope positions, which Ikely 

contributed to the more saturated conditions noted in this area 

Nitrification rate is a ftnction of soi1 moisture content (Gilmour, 1984). High 

moisture content lowers oxygen cüflùsion in soils (Grundmann et al., 1995), and so the 

higher moisture contents of the near-shore zone were Likely accompanied by decreased 



aeration (Paul and Clark, 1989; Humphrey and Pluth, 1996). These conditions may not 

have been within the tolerance level of nitrifiers (Alexander, 1977; Zak et d., 199 1; 

Grundmanu et al., 1995), as nitrification is an aerobic process (Rice and Pancholy, 1973; 

Paul and Clark, 1989). For instance, Grundmaon et al. (1995) noted maximum nitrification 

activity in a simulated aeration situation in wbich soil aggregates were water-saturated, but 

interaggregate pore space was not. This was not Likely the situation in the majonty of the 

near-shore zone. Zak et al. (1991) found that slope position and its association with 

drainage iduenced nitrification. Well-drained soiis in top and middte slope positions 

supported much higher nitrification than the poorly drained bottom dope positions that 

were closer to the water table. Also Memli and Zak (1992) suggested that nitrification 

was undoubtedly limited in the saturated, poorly drained sample sites that were close to 

the water table in their study. Conversely, Gro&an et al. (1993) noted N03-N 

accumulations in wet soils, and suggested that poorly drained soiis supported less 

microbial immobilization and therefore provided more NI&-N to nitrifiers. Paul and Clark 

(1989) also pointed out that the higher NO3-N leveb observed in the drier soils may have 

been due not to nitrification, but instead to upward movement of capiUary water 

containing N03-N, and the subsequent evaporation at the soil surface of the water, 

leaving the N03-N behind. This explmation however, is not logical when considering 

contained soi. 

Soi1 Microbial Po~ulations 

Ammonification rates were not drarnatically affected by distance fiom shore, 

despite marked spatial changes in several of the environmental parameters. The fact that 



nitrifier activity decreased as the shoreLine was approached c m o t  be attniuted to greater 

substrate Limitation close to shore (Jones and Richards, 1977; Poovarodom and Tate, 

1988), as initial m - N  levels (Figure 3) and ammonification rates (Figure 5) were 

relatively uniform across the ecotone. It may be that there was either siightly more intense 

cornpetition for the NH&N produced in the near-shore zone by roots, rnycorrhizae and 

heterotrophic microbes (Vtousek et al., 1982), or that the nitrifiers were less active in this 

area. Zak et al. (1990) noted reduced nitrification in soils that were occupied by certain 

ephemeral species and concluded that this was likely due to greater plant and heterotroph 

uptake and less nitrifier uptake of w - N .  Nitrification was significantly correlated with 

more enviromenta1 variables than was ammonification (Table 6). In general, fewer genera 

can carry out nitrification as compared to ammonification; nitrifiers require more specific 

environmental conditions (Brady, 1984; Paul and Clark, 1989), and are dso weaker 

cornpetitors (Jones and Richards, 1977) for m - N  than other organisms. The spatial 

changes in the environmental factors as previously discussed, coupled with these 

characteristics of niuifluig organisms, may have caused the shift in the predominant ion 

produced with distance from shore. 

There are some alternative explanations for the lower nitrification rates observed in 

the near-shore zone. It is possible that close to shore, nitrification may have actudy been 

occurring to a greater extent than that observed using the buried-bag technique, given the 

initial levels of N&-N found. Polyethylene bags prevent leachuig and plant uptake, but do 

not preveat microbial immobilization of the N03-N produced (Fewson and Nicholas, 

196 1). The majority of the studies in the titerature suggest that this is not iikely, given the 



predominance of Mil+-N in the soi1 solution, that this pathway is generaiiy suppressed by 

N&N, and the fact that energeticaiiy, N W N  is a more favourable nitrogen source 

(Jones and Richards, 1977; Rice and Pancholy, 1972; 1973; Grofhan et aI., 1993). 

However this assumption is questionable, as severai studies have noted significant N03-N 

assimilation by microbes despite the presence of Ni&-N (Zak et al., 1990; Davidson et ai., 

1992). Had the pre- and post-incubated samples also been analyzed for microbial biomass 

nitrogen content, the amount of nitrogen transferred to the microbiai biomass during the 

incubation period also could have been detemïned. However, this analysis does not 

separate the total amount of nitrogen contributed to the microbial biomass pool into the 

relative amounts contributed as N&-N and N03-N. Tracer studies using 1abeIled NOrN 

and N G N  (Davidson et al., 1992) could provide more detailed descriptions of the 

pathways and destinations of these ions, however extemai addition of substrate could also 

influence in situ microbial dynamics. 

N03-N also could have been reduced to Eree NH.,-N ('dissimilatory NO3-N 

reduction to W-N'); however, as conversion to N2 is a more favourable reduction, this 

too is unlikely (Buresh and Patrick, 1978). W - N  may have been immobilized abiotically, 

however Davidson et ai. (1991) found that this pathway was more important in grassland 

minerai soils than in forest floor organic matter. Poovarodom and Tate (1 988) suggested 

that a lack of substantiai NOrN accumulation may aiso be due to the absence of a 

significant popuIation of nitrifiers, even in situations where NW-N is not limiting, and 

Rice and Pancholy (1972) found consistently fewer nitrifiers where there were lower 

nitrification rates. 



Denitrifiers were very Iikely to be present and active, especially in the soils of the 

wet, low lying area near shore. Any N*N that was produced may have been 

simultaneously converted to elementai nitrogen gas before it could accumulate in the soii, 

and this may have resulted in the observation that initial N O r N  levels were lower in near- 

shore zones, as compared to upslope positions. Although denitrification only proceeds in 

anaerobic areas, it is not unlikely that this process could have occurred in anaerobic 

microsites that were in close vicinity to more aerobic areas in the soil matrix where 

arnmonifïcation and nitrification were taking place (Parkin et al., 1987). Denitrification 

could have predominated in the more saturated microsites where diffùsion of substrate 

was less limiting and oxygen dfision was more limiting (Gnindmann et al., 1995). Zak et 

ai. (1 99 1) aiso suggested denitrification as an important factor leadiig to the low N03-N 

accumulations observed in the poorly drained, bottom slope positions in their study. 

The methods employed to estimate nitrification and denitrification in the present 

study cannot address this scenario because each method fails to consider the other 

process. Buried bags estimate the amount of NO3-N accumulated but do not account for 

the amount of Nos-N that may simuttaneously be lost through denitrification. Likewise, 

acetylene-block on incubating cores estimates denitrification rates but at the same time 

inhibits nitrification (Walter et al., 1979; Martikainen and De Boer, 1993), which is 

necessary for providing the substrate for denitrification, especially in soils low in residuai 

N03-N. Low nitrification rates may therefore have been observed because of simultaneous 

denitrification taking place inside incubating bags, and analogously, low denitrification 

rates may have been observed because of low initial soil NO3-N levels, acetylene-inhibited 



nitrification and hence inadequate substrate generation for use by denitrifiers in confhed 

soil. For this reason, it was ditncult to unequivocdy conclude that there was simply low 

nitrification occurring in the near-shore zone, and hence low denitrification, or that both 

nitrification and denitrification were simultaneously occurring in uncontained soil. Analysis 

for total nitrogen on the pre- and post-incubated soil samples couid possibly iden* cases 

in which there was a net loss of nitrogen to the atmosphere, however they would ke ly  

overestimate this flux at times when the moisture content of the incubated soil was higher 

than that of the surrounding soil, and similady would underestimate this flux when 

incubating soil was drier than that of the surrounding soii. Tracer studies could also aid in 

determining the ultimate fate of m - N ,  although again, extemal additions of substrate 

could influence in situ microbial nitrogen dynamics. 

A threshold initial forest floor total mineral nitrogen content (initial m - N  + 

initial NO3-N) of between 60 and 90pg N/g below which nitrification is neghgiile (<2pg 

NO~-N*~-'-~-')  was suggested by Vitousek et al. (1982). In accordance with this, Blew 

and Parkinson (1 993) and Davidson et al. (1992) reported low total minerai nitrogen 

levels in forest floor suils (45 and 2.5pg Nfg)  and also very low nitrification rates (0.24 

and 0.78 pg ~03-~-g-'-d*') respectively. Correspondhg values for the present study in the 

organic horizon where nitrification was the highest were 25ug N/g and 

0.06pg N O ~ N - ~ - ' - ~ - '  in 1995 and 16ug N/g and 2.5pg NO~-N*~-'-~''  in 1996. In this 

study then, total initial mineral nitrogen levels and nitrification rates were comparatively 

low at ail three distances fiom shore. This suggests that nitrogen cychg may have been 

highly conservative, with low overd  rates of NOrN production and consequently, small 



nitrogen losses through leacbing or denitrification of NO3-N (Blew and Parkinson, 1993). 

Most studies that bave found substantiai denitrincation have aiso noted large initial pools 

of NOrN (Groffman et al., 1993; Pinay et al., 1993; Schipper et al., 1993). 

Many researchers have noted the inhibition of nitrification in later successional 

systems (Rice and PanchoIy, 1972; Haines, 1977). This shifi has been attributed to 

increased NI&-N limitation to nitrifiers over tirne. Roots, mycorrhizae and heterotrophs 

graduaiiy outcompete n i t r m g  organisms for N&-N by taking up the majority that is 

released (Jones and Richards, 1977; Coats et al., 1976; Zak et ai., 1990). However, 

Davidson et ai. (1992) found that although net rates of mineraikation and nitrification 

were lower in a mature than in a young coniferous forest, gros  rates of mineraikation 

were higher in the mature forest, and gross rates of nitrification in both forests were 

comparable. They attributed this discrepancy to the unrecognized contribution made by 

microbial immobilization of N03-N in mature forests, and cautioned that N03-N and 

niacat ion cannot be dismissed as unimportant in these forests. Despite this, Paul and 

Clark (1989) point out that even modest amounts of N&-N, cornmon in mature forests 

(Robertson, 1982) repress this assimilatory N03-N pathway. 

MethodoIonical Considerations 

The methods used to estimate inorganic nitrogen production may have also 

iduenced the magnitude of the nitrification results obtained. Binkley and Hart (1989) 

demonstrated that production was not a linear function of incubation period length, as the 

sum total production level estimated afler 4 one month incubations was twice as great as 

that estiuiated from one four month incubation. Nitrification rates especialiy may have 



been greater iflonger incubation periods were employed (%tousek et al., 1982). Arp et 

ai. (1980) observed nitrification in coniferous forest soils after 2 months of incubation, 

which may have been because additionai tirne was required to break down any inhibitory 

substances that were present (Krause, 1982). A second methodologicai barrier which may 

have physicalty limited nitrification was the soi1 homogenizing process (refer to 

'Methodology '). S pecific microhabitats are important to nitrification (rrankinson and 

Schmidt, 1984), and these may have been destroyed during the preparation of soils for 

their incubation in the field in polyethylene bags (Blew and Parkinson, 1993). These 

problems however, would not have likely infiuenced the spatial trends observed, as al1 soi1 

samples were incubated for roughly equivaient amounts of the,  and were also ail 

manipulated in a similar manner. 

Annual Inoraanic Nitronen Production Estimate 

The estimates obtained ushg the assumptions outlined under 'Calculations', 

although very approximate, roughly quantify the amount of inorganic nitrogen produced 

annuaily within the Scott Lake watershed, and are usefùl for comparison (cf Holmes and 

Zak, 1994). in 1995, a total of 4lO7kg ofN&-N (5.5grn-*-yr-'), 3534kg of NO3-N 

(4.7g.m-2.yfL) and 85 1 1 kg of net nitrogen (1 1 .3g.m'2.yr-') was produced within the 

watershed. 1996 estimates were comparable to those obtained during the same samplig 

period in 1995, especially for NO3-N (Table 10). Nitrification rates in the hardwood zone 

(4.99g-m-2-yr-') and near-shore conifer area ( 0 . 3 ~ r n ~ * y t ' ~ )  were lower than those found by 

McCIaugherty et al. (1 985) (1 2.6g-m-2-yr-') in an A. sacch~7uni stand and (0.6g-m-~.yr'~) in 

a T canadensis stand. Annual nitritication estimates across the ecotone in 1995 were 



Table 10. Summary estimates oftotaI N&N, NOrN and net nitrogen mineralized 
in the organic horizon over the 1996 sampling period (July-September), on 
an annual basis in 1995 and also between July and September in 1995. The 
watershed was divided into three bands circling the lake perheter, and net 
nitrogen mineraiization was cdculated using equation 13 under 
'CalcuIationsY . 

Location Surfhce Depth m - N  NO3-N Net N 
Area (m2) (cm) (kg) (kg) (kg) 

1995 
Year (3 8 1 days) 

O-5m 22000' 20.65 (0.60)~ 280.004 5 -443 t 87.085 
5-10m 22000 15.W (0.92) 233.291 6.462 248.363 

Hw zone 706000 8.5 1 (0.6 1) 3593 -865 3521.834 8075.453 

July-Sept. (73 days) 
0-5m 22000 20.65 (0.60) 124.287 2.295 130.477 

5-10m 22000 15-04 (0.92) 93.884 3 .250 97.133 
Hw zone 706000 8.51 (0.61) 1888.321 2466.404 4415.218 

1996 - 
July-Sept. (76 days) 

O-Sm 22000 20.79 (1.36) 38.326 3.1 12 41.438 
5-10m 22000 19-90 (1 -3 7) 5 1.820 4.455 56.275 

Hw zone 706000 10.81 (0.71) 1415.969 23 12.430 3728.399 

1 Refer to 'Cdcdations' for surface area estimations. 
*standard errors of average depth are in brackets. 



4.99g*m-2*yf', 0.3grn-*-~r-' and 0.25g-m*~*yf' for the top, middle and bottom slope 

positions, which were somewhat comparable to those reported by Zak et al. (199 1) 

(1 .4g-m*2-yr-1, 1 -3g m-2yf', and 0.3 g-m-2-yf' of NOrN produced), who also investigated 

nitrification rates at top, middle and bottom slope positions. In 1995, in the upslope 

hardwood zone alone, the annuai net nitrogen mineraikation rate was 1 1 .4g-m-2-yr-'. 

Estimated net nitrogen mineraiization in this area was close to that found in other 

hardwood forests by McClaugherty et al. (1985) ( 1 2 . ~ ~ r n ~ ~ - y f l ) ,  Zak et al. (1990) 

(12g*m*2=yr*'), and Holmes and Zak (1994) (13g-m-*-y?) and is near to the upper range of 

northern hardwood forest annual rates. 

In undisturbed forests, the amount of nitrogen cycled is typicaiiy very large, with 

annual mineralization and uptake sometimes 100 times that of losses (Rosswall, 1976). 

For example, Holmes and Zak (1994) estimated that the amount of nitrogen mineralized 

annually was comparable both to the amount of nitrogen contained in the microbial 

biomass (13g-m") and to the amount of nitrogen deposited annuaiiy by iitter 

(1 1 .3g-m*2-yf'). As weli, Buikley and Hart (1 989) estimated that in cornparison to 'non- 

biomass' nitrogen in the soil nitrogen turnover fkom dead microbial cells is five times as 

rapid. These findings iliustrate the importance of the microbial biomass both as a source of 

readily available nitrogen, and as a reguiator of available nitrogen within ecosystems 

(Holmes and Zak, 1994). The magnitude of the annual production levels estimated in the 

present study represents the extent of inorganic nitrogen turnover that occurs on an annuai 

basis, and emphasizes the nitrogen regulating capacity of the bordering terrestriai 

ecosystem. Additiondy, a) soii extractable-NOS-N was initidy present in higher 



quantities in soils at upslope landscape positions, b) more NO3-N was produced upslope, 

c) upslope, denitrification was unlikeIy in these dner soils, and d) N O r N  is highIy mobile 

in the soil solution. These observations suggest that N03-N uptake by plants or microbes 

is possible somewhere between the upslope positions and the shorefine. However, given 

the magnitude of the results, the degree of NOrN formation and uptake occurring in this 

mature, intact system is liely to be rather modest. In order to completely understand 

ecotone nitrogen cychg dynamics, these pathways require quantification. NOrN transfer 

across the ecotone could be investigated using lysimeters to monitor changes in subsutface 

and groundwater NO3-N concentration at several points approaching the shoreline. The 

amount of NO3-N taken up by other sinks such as microbes and vegetation could perhaps 

be assessed using tracers and soil and plant tissue analysis. 



2. DEMTRIFICATION 

Accumulation Pattern 

15 organic soi1 cores were monitored every 6 hours over a 24 hour incubation 

period at site 25 on August 1 1, 1996 in order to assess the pattern of N2O accumulation 

over time and to determine the number of hours appropriate for organic horizon core 

incubation. Both COzand N B  were found to accumulate steadiIy over 24 hours. At each 

6 hour sarnpling interval there was significantly more CO2 present in the jar atmosphere 

than at the previous sampling interval (Figure 9a), and CO2 levels were positively 

correlated with incubation hour (Table 1 1; R=0.75, N=70). There was also significantly 

more N20 after 6 hours than at the start of the incubation, and significantly more N20 

after 18 hours of incubation than after 6 hours (Figure 10a). N20 levels were somewhat 

correlated 6 t h  incubation hour (Table 1 1 ; R4.43, N=5 1). As well, N20 accumulation 

rates determined for each 6 hour interval were not found to be sigdicantly different fiom 

one another (Figure lob). This indicotes that the denitrification rate did not change over 

time, and that gas flow was likely suf3icient for measuring denitrification rate (Parkin et 

al., 1984). The acetylene inhibition method has been found to fail in soils high in organic 

matter and low in N03-N (Tiedje et al., 1989) because inadequate acetylene 

concentrations were used and hence denitrification was incompletely inhibited. Limited 

data fiom a prelimuiary experiment showed that the amount of N20 accumulated in jars 

containing 20% and 30% acetyIene was not greater than the amount accumdated in a jar 

containing 10% acetylene, and tended to suggest that the acetylene levels used (1 0%) 

were adequate for cornpiete inhibition. Most studies report that replacing 10% of the 
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Figure 9. Average a) CO2 accumulation and b) amount of  CzH2 in the jar atmosphere 
at each six hour sampling intenml estandard error) of the August 1 1, 1996 
'denitrincation-over-time7 experiment . Sampling interval sets having any 
one letter the sarne were not found to be sigrilficantly different (W0.05, 
N= 1 5 )  using Wilcoxon's signed-rank test. 



Table 1 1. Pearson Correlation Coefficients f?om the August 1 1, 1996 denitdication 
over time experiment. Values in brackets represent sample sizes. 

Headspace Gas H.10 hour CO,, C7H2 
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Figure 10. Average a) N20 accumulation in the jar atmosphere, and b) denitrification 
rate at each six hour sampling interval c+standard error) of the August I I ,  
1996 'denitrification-over-tirne' experiment. Sampling interval sets having 
any one letter the same were not found to be sigaificantly dserent 
(K0.05, N=15) using Wilcoxon's nonparametric signed-rank test. 



headspace gas with acetylene is mflicient for inhiiition (Tiedje et ai., 1989). The fact that 

N20 and Ca were found to accumulate implies that the core incubation methodology 

employed was successfiil in containhg the gases that were produced. 

Shorter incubation periods (6 hours) have beea recommended so that N W N  does 

not become limithg, and Nfl accumulation rates remain linear (Tiedje et al., 1989). The 

number of sites chosen for sampling and the nature of the field site prevented the use of 

incubation periods of Iess than 16 hours. Perhaps shorter incubation periods might have 

been possible ïffewer sites or sites closer to each other were chosen. However, it does not 

seem likely that use of the longer (24 hour) incubation penods led to the low N a  

production levels observed, as the denitrification rate at site 25 did not decrease over the 

24 hour period (Figure lob). Although the amount of NzO present after 6 hours of 

incubation was significantly greater than that found at the ststrt of the incubation period at 

site 25, N20 production may not have been substantid enough at certain sites after only 6 

hours. If denitacation was occurring within an incubating core, the use of longer ( > 1 8 

hour) incubation periods ensured that N20 accurnuIation wouId be apparent, as N20 levels 

afler 18 hours were much higher than levels at zero or 6 hours (Figure IOa). 

N03-N limitation over time could not be directly assessed on incubating soi1 cores. 

However, an acetylene-air mixture was replaced to incubation jars following headspace 

gas sampling at each 6 hour interval in order to maintain constant levels of acetylene and 

avoid acetylene limitation over tirne (refer to 'Field Methods'). Low corrclations were 

found between incubation jar acetylene levels and both incubation hour (Table 1 1; R=0.2 1, 

N=71) and N B  level (Table 11; R=0.23, N=38). Ifanything, acetylene levels tended to 



increase slightiy over the course of 24 hours (Figure 9b), suggesting that acetyIene did not 

diminish or begin to limit N20 production over 24 hours. The slight acetylene increases 

noted over time rnay have been due to the repeated acetylene replacements. 

Frequency of denitrification 

In totaI, 14 of the 132 cores UlNbated in situ showed denitrification activity. 

Strauss and Firestone (1982) noted even less denitrification in an in situ coniferous forest 

study (1 6 of 238 cores). The frequency of denitrification rnay have been greater for the 

'denitrification-over-the7 experiment (10 denitrimg jars of 15) than for ai i  of the other 

core incubation experiments combined (4 of 117) for severai reasons. Anaerobic 

microsites rnay have been more fiequent on this date, as the moisture content of cores 

incubated on August I l  was found to be significantly higher than that of cores incubated 

on any other date except October 5 (P<O.OS, Wdcoxon's Two Sample Rank Test). 

Secondly, between-site variation was minimized because the entire experiment was 

cornpleted at one location (site 25). whereas ai l  other incubation experiments were spread 

out over several Merent locations. Third, the high spatial variation of denitrification 

(Parkin et al., 1987) rnay have been more compietely encompassed, as the number of 

replications used for this experiment was five times greater than that of ali other 

incubation expenments (15 replications instead of 3). As weli, the conversion fiom N20 to 

N2 rnay have been more completely inhibited, allowing N20 to accumulate, since C2H2 was 

added back to each jar more fiequently over the course of this experiment as compared to 

all others (&Hz added back 4 times instead of 1). Fially, C2H2 and N20 rnay have also 

been able to diffuse more completely into and out of incubating soi1 cores because jars 



were mixed more often during this experiment than for aii others (gas contents mixed 10 

times as compared to 4). These observations led to some general suggestions for 

improving the described denitrification protocol. 

Greater replication would more likely encompass the highiy dynamic and variable 

nature of deaitrification. For exampie, Tiedje et al. (1989) recommend sampling at least 20 

cores per site. Secondly, jars should be buried to the depth that the core was coliected 

nom, and covered with soil, in order to expose the incubatiog core to in siru conditions. 

Third, more fiequent mixing of the gas contents of jars during incubation may foster 

greater diffusion of CzH2 and NzO within soil cores. Fourth, it would be ideal if field 

incubations coincided with rain events, as this is when denitrification activity is most iikely 

to be observed (Robertson and Tiedje, 1984; Klingensmith and Van Cleve, 1993). Finaily, 

it seerns worthwhile to determine for the soi1 studied, whether increasing the amount of 

acetylene added (>IO%) influences the amount of NzO that accumulates. 

Presence of Denitrification 

Levels of several parameters related to denitrification (arnount of NO3-N 

substrate, soii moisture level arnount of acetylene lefi in the incubating jar after 24 hours, 

and amount of CO2 produced after 24 hours) were not found to differ significantly 

between cores that did and did not d e n i t a  on dates where statistical cornparisons were 

possible (Figure 11; P<O.OS, N=15, 9; August 11, October 5). NOrN levels in soil 

sarnples taken near core collection locations comespondiig to cores that produced N20 

were not significantiy greater than for those that did not produce N B  (Figure 1 la). 

Denitrifjing cores were also not likely to be more anaerobic than non -den img  cores on 



Figure 1 1. Cornparison ofjars that did and did not accumulate N20 during six 24 h o u  
sampling periods in 1996. Average levels of a) extractable N03-N in soi1 
sub-sarnples, b) incubation core moisture content, c) acetylene present in 
the headspace gas of incubation jars at the end of the incubation period, 
and d) CO2 present in the headspace gas of incubation jars at the end of the 
incubation period. N=l for entries lacking standard error bars, and on 
August 12 and 27 N=O for jars that accurnulated N a .  D8erent letters 
indicate that the difference found between jars that did and did not 
accumulate N20 was significant (Pc0.05) on the date and for the parameter 
indicated, Values were compared using Wilcoxon's Two Sample Rank 
Test. 



a given incubation date, as core moisture content did not dBer significantiy between jars 

that did and did not denitr@ on any of the incubation dates (Figure 1 lb). Acetylene did 

not diminish over time in non-denitrifjmg cores, as acetylene levels for these jars did not 

decrease significantiy over 24 hours (Figure 12b), and were actually found to be higher 

than in jars that did d e n i m  (P<0.05, N=23; Figure 1 1 c, I2b). This dEerence in acetylene 

may have been due to a siight use of acetylene by d e n i m g  organisms (Terry and 

Duxbury, 1985), but this is probably not the case, as acetylene levels were signiticantly 

Iower in d e n i t m g  jars even at the start of the incubation (O hours, Figure 12b). Non- 

denit%ng cores were also not iikely to be lacking in either carbon substrate or microbes, 

as COz levels were not significantly dserent between cores that did and did not denit@ 

(Figure 1 Id, 12a) and increased significantly in al1 jars regardless of denitrification level 

(Figure 12a). 

The lack of N D  production observed in the majority of hcubating cores cannot 

therefore be attributed to large différences in initial soil subsample NO3-N content, core 

moisture content, jar acetylene level, core carbon content or core rnicrobid activity level 

between these cores and those that did denitrify. initial N03-N content of the incubating 

cores themselves however, could not be assessed, and had to instead be estirnated 

indirectly £iom soil samples taken near core collection locations (Grofhan and Tiedje, 

1989). Despite low variability in the concentration of N03-N between the 3 soil 

subsamples coiiected per site (average variance between sarnples within sites=0.08), it is 

quite possible that the initial N03-N content of the intact core may have been higher than 

that of the soii sample coliected, and may have been the cause of the occasional N20 



O 24 
hours inaibated 

O 24 
hours i n r i e d  

Figure 12. Average a) CO2 accumulation and b) amount of C2H2 in the jar atmosphere 
before and &er 24 hours of incubation in jars that did and did not 
accumulate N20 estandard error). Samphg interval sets having any one 
letter the same were not found to be significantly different (Pc0.05, N=14) 
using Wilcoxon's Two Sample Rank Test. 



accumulation which was observed in some cores. For example, Parkin (1987) found that a 

O.08g fragment of a decayïng leafwas responsible for 85% of the total denitrikation 

activiw in an intact 98g core. Many others have noted the high spatial and temporal 

variability of denitrification (Robertson and Tiedje, 1984; Parkin et ai., 1987; Tiedje, 1988; 

Vermes and Myrold, 1992). The sampling intensity and Erequency employed in the present 

study (6 collections over tirne of 3 cores fiom each of 12 sites) was likely inadequate for 

complete landscape level descriptions of the characteristicaüy non-homogenous spatiai and 

temporal distribution of active denitrification microsites (Parkin, 1987). Environmental 

parameters characterïstically Vary on a microsite scale (Vermes and Myrold, 1992), and 

since specific combinations of these parameters influence deaitrification, it is not surprising 

that denitnfication itselfis also highiy variable (Klingensmith and Van Cleve, 1993). 

Magnitude of Denitrification 

Trends in headspace gas composition over time were compared in 4 individual jars 

covenng the range of N D  production levels observed in an attempt to understand some of 

the reasons for the higher and lower N20 levels. Although the s m d  sample size and the 

narrow NzO production range (0.01-0.15pgg-') made it ditficult to arrive at consistent 

and conclusive results from this type of analysis, some patterns emerged. Again, aceNene 

did not seem to influence the amount ofN20 produced, as comparable levels were found 

(Figure 13b) despite dEerences in N20 production (Figure 13a). The two lowest N20 

producers (jars 2 and 12) did have the lowest levels of CzH2 at most 6 hour samphg 

intervals, altbough dEerences were not extremely large. Trends in N20 production were 

not pardeiled by CO2 production trends. The lowest N20 producer (jar 12) produced the 
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Figure 13. Trends observed in four individual jars over time. a) Amount of N20 
produced as compared to b) amount of C2H2, C) CO2 production, and d) 
soil core moisture content. For figures 19% b, c: A =jar 2, =jar 8, O = 
jar 10, and +=jar 12. 



teast CO2 (Figure 13c). Other jars did not folow this trend (the second lowest NzO 

producer (jar 2) was found to generate the most Ca) ,  suggesting that carbon substrate 

and microbiai populations were not iofluencing N20 production levels. Smaü changes in 

N20 production levels aiso did not seem to be the result of large core moisture content 

differences. The jar producing the most N20 (jar 10) was the driest jar (Figure 13d), 

however aii four jars were relatively wet (at least 200% moisture content). initiai NO3-N 

content differences between these cores could not be assessed as this parameter was 

estimated indirectly on subsarnples taken close to the core collection location. 

The average amount of NzO that accumulated over 24 hours in the 10 den iwng  

cores in the 'denitntication-over-time' experiment on August 1 1 (N=15 jars total) was 

comparable to that of the 4 cores observed to denitr* fiom the other core incubation 

experiments (N=117) (Figure 14) despite the diïerences in methodology between the 

experiments outlined above. Therefore, the extra gas mixing and C2H2 additions used in 

this experiment did not seem to enhance N20 accumulation. The main requirements for 

denitrification are adequate carbon, an active denitrmg population, an anaerobic 

environment, and adequate NOS-N substrate (Parkin et ai., 1984; Tiedje, 1988). 

Most denitrifying bacteria are heterotrophic (Tiedje, 1982), and therefore are 

intluenced by avaiiable carbon (Arnbus and Lowrance, 199 1 ; Lowrance, 19%; MerriIl and 

Zak, 1992; Schnabel et ai., 1996). Respiration rate has sometimes been used to predict in 

situ forest denitrification rate (Robertson and Tiedje, 1984). The COz accumulations 

observed (over 100pg ~.~- ' .d- ' ,  Figure 9a), were twice as high as those reported by 

Vermes and Myrold (1 992) but were within the range of those found by Robertson and 



Figure 14. Average denitrification rate for each incubation experiment estandard 
error) in 1996. N=l for points without error bars. 



Tiedje (1984) in undisturbed forests. Grofhan et al. (1996) noted very low C a  

production rates (4pg c*~-'.&') in a riparian forest at groundwater depth. Denitrification 

was dso low but increased with carbon arnendments, strongly suggesting that in that study 

denitrification was carbon limited. The high production rates observed in the present study 

suggest the presence of adequate avaiiable carbon substrate (Vermes and Myrold, 1992), 

an active respiring microbiai population (Grofhan et ai., 1992) and therefore that these 

factors were not limiting denitrification in this study. This is not unusuai in the organic 

horizon of forest soils (McKemey and Vriesacker, 1984; Davidson and Swank, 1987; 

Binkley and Hart, 1989; Vermes and Myrold, 1992). These observations also imply that 

the microbes present were u t i l i i g  oxygen or other electron acceptors to oxidize carbon 

substrates. Na level was correlated with CO2 level (Table II; R4.55, N=39), which 

could indicate some reduction of NOS-N. The use of denitrification enzyme activity 

(DEA) analysis would have c o b e d  the presence of denitrifying species, however this 

technique was not employed, as actual field rate estimates were desired. 

Only after oxygen is depleted and the soil environment becomes anaerobic do 

denitrifiers synthesize denitrifLing enzymes and utilize NOTN as the terminal electron 

acceptor (Tiedje, 1988). As a result, denitrification is enhanced in soils of high water 

content because oxygen diaision is reduced (Paul and Clark, 1989; Schnabel et al., 1996), 

N03-N and soluble carbon difision is promoted, and thus microbial acîivity is stimulated 

(Keeney, 1980; Vermes and Myrold, 1992). In general, soil moisture bas been cited as a 

Limiting factor to denitrincation (Merriil and Zak, 1992; Vermes and Myrold, 1492; 

Schnabel et al., 1996). Two to five times greater rates of denitrification were found in 



moistened soi1 by Robertson and Tiedje (1 984). Groffinan et al. (1992, 1993) noted 

significant correlations between moisture content and respiration, and also found 

consistently higher denitrification enzyme activity and denitrification in poorIy drained 

soils than in drier upland-wetland transition zones. Wet soils were thought to reduce 

rnicrobial immobilizatioa, increase the amount of Ni-kN available to nitrifiers and as a 

result, increase the amount of Na-N and denitdication, 

Wlth respect to moisture content, the near-shore riparian zone is likely to have a 

high potential for denitrification dative to other positions in the landscape (Davidson and 

Swank, 1987; Groffman et al., 1992; Schipper et al., 1993). This is simply because 

anaerobic microsites are likely more fiequentiy established in wet soils (Merrill and Zak, 

1992; Verrnes and Myrold, 1992; Schnabel et al., 1996), and the moisture content of the 

organic soils sampled in this zone was high relative to other locations witfiin the watershed 

(refer to 'Ammonifkation and Nitrification Results'). Pinay et al. (1993) aIso noted t&is 

spatial moisture content trend. However, denitrification is generaily sporadic (Vermes and 

Myrold, 1992) and usuaily follows rain events (Robertson and Tiedje, 1984). Klingensmith 

and Van Cleve (1993) observed bnef depitrification activity in situ only after a flood. 

Since the in situ core incubations did not always foUow rain events, perhaps they also 

failed to encompass the brief events of denitrification. 

N03-N is the primary substrate used by microbes in the denitrification reaction. In 

several studies, the activity of forest denitrifjhg populations depended highly on NOrN 

(Robertson and Tiedje, 1984; Ambus and Lowrance, 199 1; Merrill and Zak, 1992; Vermes 

and Myrold, 19%; Klingensmith and Van Cleve, 1993; Schipper et al., 1993). The 



position of near-shore riparian zones within the Iandscape can sometimes d o w  for 

continuous NO3-N supply through drainage fiom upslope areas (Schipper et al., 1993). 

This also increases their denitrification potentiai relative to that of other sites. A continual 

extemal input of NOrN probably led to the higher denitrification rates observed in the 

riparian zones in the study by Schipper et al. (1993). in the present study, KCL extractable 

NOS-N levels near core sampling locations were on average, quite low (0.68~gg-' dry 

weight 9 . 0 3 ;  Figure 1 la) in cornparison to other studies in forest soiis that have noted 

soi1 N03-N levels canging tiom 3-oCrgg-'. Na-N leveIs were comparable to the initial 

NO3-N levels found at buried-bag incubation sites in the near-shore zone in 1996 

(0.50~gg-';  Table 4). Mineralization data fiom 1996 also indicated that nitrification rates 

were low in this near-shore zone where denitrincation was monitored (Table 5).  

It was ditficult to compare the denitrification rates obtained to those of other 

studies in the literature. As pointed out by Schipper et ai. (1993), relatively few studies 

have been carried out in riparian forests. Due to practical Iimitations, even fewer of these 

have attempted in situ incubations (e.g. Vennes and Myrold, 1992; Klingensmith and Van 

Cleve, 1993; Pinay et al., 1993). In addition, the soil horizon used for incubation is seldom 

specified. Finally, denitrification rates are usudy reported on an areal basis, however in 

mast studies the active depth assumed for the calculation was not speciiied, As a result of 

these uncertainties, cornparisons may not be entirely usefiil or accurate. Despite the 

apparent inadequate fiequency of sampling and the sporadic nature of denitrification 

(Robertson and Tiedje, 1984; Vermes and Myrold, 1992), the fact that substantidy large 

accumulations of N@ were never observed on any of the occasions that denitrification 



activity was detected suggests that the overd magnitude of denitrification was low in the 

near-shore zone of Scott Lake. When denitrification was observed, it occured at rates that 

on average, were very low (0.03pg-g-'-d-'). The average in situ denitrification rate for 

cores that were found to denitrifjr, calculated on an areal basis using bullc density and 

assuming an active depth of 4Ocm was 0.0025~-rn-~-d-' (or 25.2gha-6'). This is an 

overestimate of field denitrification levels, because a) if the average was calculated using 

ail the cores that were incubated, the rate denved would be negiigible, due to the large 

proportion of inactive cores, and b) portions of the N D  produced could be attributable to 

either contaminants present in acetylene (Tiedje et al., 1989) or to certain chemicai 

reactions, nitrifiers, or other hngi and bacteria (Smith and Zimmerman, 198 1; Sahrawat 

and Keeney, 1986; Martikainen and De Boer, 1993). These effects were considered in two 

separate methodology experiments, however Iimited results prevented their assessment. 

Nonetheless, these low levels are comparable to those of severai other studies in mature, 

intact forest systems (Strauss and Firestone, 1982; Ambus and Lowrance, 199 1; Merrill 

and Zak, 1992; Vermes and Myrold, 1992; Kiùigensmith and Van Cleve, 1993) that 

reported a general lack of significant denitrification. Schipper et al. (1993) noted very high 

denitrification rates (1 2.5 pg-g-'*d-l), dthough the riparian zone investigated received 

groundwater that draiaed £iom an upslope forest that was spray irrigated with treated 

sewage. 

It seems Uely that since levels of the other factors important for denitrification 

were adequate, the low levels of NOTN present in the near-shore zone may have been the 

main factor limiting denitrification at this t he .  Denitrification rnay have been limited due 



to low NOrN in two ways. Less denitrification will occur ifthese is less available NOrN 

substrate. Additionally, acetylene inbibits nitnfication (Walter et ai., 1979; Martikainen 

and De Boer, 1993). This is the major limitation of the acetylene block technique, 

especiaiiy in soils of low NO3-N. This iikely resulted in Iess N03-N avaiiable for 

denitrification, and hence further reductions to the already low denitrification rate (Tiedje, 

1988). This effect was probably not very large, as ody short-term incubations (<Id) as 

suggested by Walter et al. (1979) were used. Results fiom other in siîu studies in forest 

soils also suggest that soil N03-N levels cm act to regulate denitrification. Vernes and 

Myrold (1992) found denitrification levels that were beIow detection in soiIs of low NO3- 

N (~0 .0  1 - 0 . 7 ~ ~ - '  dry weight). Pinay et al. (1993) reported denitrification rates of 

150gha-'.d-' in soils having 3pg IfQ-N/g dry weight, and rates of 300g-ha-l-d-' in soils 

having 6pgg-' dry weight. Schipper et al. (1993) noted very high denitrification rates 

(37.44 kgha-'.d-') in soils having high NO+ ( 6 . ~ ~ ~ - ~ - '  dry weight) that also received 

extemai N03-N inputs. Additionally, Pinay et al. (1 993) noted large quantities of reduced 

magnesium and uon in areas with low in sifu denitrification. This also illustrates that the 

soil environment was anaerobic, N03-N Ievels were not adequate to meet the demand of 

microbes, and that N03-N likely limiteci denitrification. During laboratory incubations of 

forest soils, Merrill and Zak (1992) noted low denitdication rates (02g-ha-l.d-') in 

saturated soils having O. I5pg NO~-N-~L-', and k K e ~ e y  and Vriesacker (1984) and 

Ambus and Lowrance ( 199 1) aiso noted N03-N-limited denitrification rates. 

Denitrification enzyme activity (DEA) and laboratory experiments on forest soils, 

aithough not usehl for estimation of on-site rates, c m  be used to determine maximum 



NO3-N removai rates (Ambus and Lowrance, 199 l), and have demonstrated that 

si@cant potentiai for denitrification exïsts (Merdi and Zak, 1992; Vermes and Myrold, 

1992; Klingensmith and Van C h e ,  1993; Pinay et al., 1993; Schipper et ai., 1993). This 

potential is seldom reaked, with in silu rates estimated to be ody 1% of potentiai rates 

(McKenney and Vriesacker, 1984). Severai explanations for this have been presented in 

the literature. In mature, undisturbed forests, nitrogen cycling is considered to be tightly 

coupled (Gosz, 1981; Vitousek et ai,, 1982; Kiîngensmith and Van Cleve, 1993). The 

majority of the nitrogen that is mineralized is taken up by plants and microbes, and this 

rapid assimilation is expected to lead to low overail NOrN availability and consequently, 

restricted losses through denitrification (Lowrance, 1992; Groffman et al., 1992). 

However this may not always be the case. Seasonai s M s  in the dominant NO3-N sink 

may infiuence the potential for denitrification. Groflina. et ai. (1992) noted no seasonai 

variation in N03-N removal but attributed removal to diierent processes dominating in 

different seasons. Spring conditions are the most conducive to denitrification because 

plant competition for NOrN is minimal (Kiingensmith and Van Cleve, 1993; Pinay et ai., 

1993), and carbon levels, water tables and anoxic conditions are usually at their highest 

(Groffman and Tiedje, 1989; Groffman et al., 1992; Pinay et al., 1993). Pinay et al. (1 993) 

found that the highest DEA d u e s  occurred in the spring in a forested riparian area. It is 

possible that denitrification rates in the Scott Lake ecotone may have been found to be 

more substantiai at this the, and since spring rates were not measured, denitrification 

cannot be discounted as a potential NOf-N sink in the spring. McKemey and Vriesacker 

(1984), in a study of some northern Ontario forest soils, dso suggested that high rates 



may be expected in the spring when anaerobic conditions and NOrN inputs are most 

likely. High spatial variation of denitrification has also been invoked to explain the 

consistently low denitrification rates obtained in undisturbed forests. The patchy 

distribution of carbon, NOrN and oxygen characteristic of forest soils (Parkin et al., 

1987) may not have been adequately 'hit' d u ~ g  core sampling (Grofhan et al., 1 W6), 

and thus field denitrification rates are, for the most part, underestimated. 

The unique species distribution within the Scott Lake watershed (refer to 'Site 

Description') rnay also be involved. The predominance of coniferous species in the near- 

shore zone may have had an impact on the acti~ties of denitrifjing bacteria. Klingensmith 

and Van Cleve (1993) speculated that the low denitrification rates they observed in a 

Picea glauca (Moench.) Voss forest may have been due to high amounts of recalcitrant 

organic materials. Furthemore, soils under coniferous forests are generaüy more acidic 

(Kimmins, 1987), and nitrification as weU as denitnfication are known to decline with pH 

(Paul and Clark, 1989). Two other explanations for low forest denitrification rate 

estimates are that the use of acetylene-based incubations may inhibit alternative 

denitrification pathways (Payne, 1984), and that humus rnay abioticaliy fix portions of 

inorganic nitrogen (Davidson et al., 199 1). 

Purified Acetvlene Expenment 

Two of the 9 cores incubated with unpurified acetylene and zero of the 9 cores 

incubated with purified acetylene produced N20. Due to these limited results, the effect of 

contaminants present in commercial acetylene on denitrification rate could not be assessed. 



Core Incubations Without Acetylene 

One of the 12 cores incubated with acetylene and zero of the 12 cores incubated 

without acetylene produced N20. Again, due to these limited resdts, the amount of N a  

produced by organisms other than denitriners could not be assessed. 



CONCLUSIONS 

The predominant form of inorganic nitrogen present in pre-incubated soii was 

N G N ,  regardless of when or from where the soii samples were coilected. This was keIy 

due to specific characteristics of m N  and NO3-N ions that iduenced their difltiision, 

mobility and ease of plant and microbial uptake. The lack of spatial or temporal variability 

in initial Mi.,-N indicated that the spatial trends observed in any subsequent microbially- 

mediated reactions involving this ion (such as nitrification) were not ükely to be substrate- 

limited. Initial NOrN b e l s  were consistentiy much lower than those of Nl%-N, but were 

found to decrease as the shoreline area was approached, especialiy in 1996. This trend 

suggests but does not c o h  N03-N transfer and ecotone interception. A detailed 

lysirneter study carried out in the spring and fdl would be useful for examining the 

changes in N03-N concentration in the subsurface and groundwater flow as the shoreline 

is approached and for estimating NO3-N transfer across the ecotone. 

Inorganic nitrogen accumulation rate was not dependent on when samples were 

collected during the season or fiom where around the lake the samples were collected, but 

in 1996 showed that slightly more inorganic nitrogen accumulated in the upslope positions 

furthest tiom shore. W - N  accumulation sipificantly decreased whereas N03-N 

accumulation significantiy increased with distance fiom shore, and N03-N accumulation 

was found to be sigdicantly higher than W - N  accumulation at the upslope positions. 

These changes in the inorganic nitrogen production rate observed as the shoreiine was 

approached emphasize that the activity of soi1 microbes is highly dependent on the 

surroundhg biological factors and environmental conditions, and that certain locations 



with specifïc combinations of these environmental parameters may be more productive or 

sensitive than others with respect to nitrogen cycling. AU of the environmentai parameters 

examined were in most cases, related in some way to the ammonification aad nitrification 

rates. The coofùsing and variable nature of the relationship between the inorganic nitrogen 

production rates aad the environmentai variables is underscored by the size, number of 

significant interactions and overaii complexity of the multiple regression models that were 

derived. It also suggests that understanding the precise nature of these relationships 

requires a more detailed experimental study that would ensure that the explanatory 

variables were truly independent. 

The slightly higher nitrification rates observed in the upslope positions may be 

explained in severai ways. Nitrification is sometimes inhibited under acidic conditions, and 

iitter ffom hardwood species, which predominated the upslope positions, is generally less 

acidic upon decomposition. As well, less N W N  may have been microbiaily immobilized 

fiom the higher quality, narrower C:N ratio litter contributed by the hardwoods upslope 

than fiorn the coniferous substrate close to shore. ifthere was less N'&-Fi immobilized, 

there was also more substrate available for use by nitrifiers in these upslope areas. It is 

also possible that the abundance of nitrification inhibitors produced by certain tree species 

was somewhat bwer in the soils of the upslope positions. Nitrifiers dso require more 

specific environmentai conditions. The shaliower, warmer and drier upslope soils may 

have fostered larger numbers of nitrifiers, increased nitrifier activity Ievels or improved the 

cornpetitive abüity of nitrifiers for W-N. 



The low denitrification rates observed in the near-shore zone could also be 

explained through similar arguements. Locations (such as the near-shore zone) where 

nitrification is likely to be limited due to the factors outiïned above, are also likely to have 

Iimited denitrificatioq since nitrification provides the substrate for the denitrification 

reaction. In addition, the denitrification rate is also reduced under acidic conditions, and 

iitter from coniferous species, which predominated in the near-shore positions where 

denitrification was monitored, is usualiy somewhat acidic upon decomposition. 

The methodologies employed to study both nitrification and denitrification rnay 

have also led to the apparent Iack of NOrN accumulation and denitrification in the near- 

shore positions. It rnay be that higher levels of nitrification were actuaily occuning, but 

that either microbial imrnobiiization or denitrification of the NO3-N reduced the amount of 

NOrN that accurnulated in the incubating bags. Similady, low denitrification rates rnay 

have been a result of the simultaneous inhibition of nitrification by the acetylene added to 

soi1 cores to measure denitrification rates. Tracer studies rnay aid in determining the 

ultimate fate of BI'&-N, although external additions of substrate could intluence microbial 

nitrogen dynamics. Accurate NOrN accumulation and denitrification rates that minimïze 

these confounding effects while at the same time maintain in situ conditions are thus 

extremely ditficult to obtain in undisturbed, pristine environments. These methodologicd 

limitations require fiirther consideration and development. 

The inorganic nitrogen production trend with distance, although modest in this 

intact ecosystem, rnay perhaps become more important foliowiag an alteration of the near- 

shore zone. For example, clearing of the first 30m of ecotonal vegetation rnay have 



consequences to the adjacent aquatic community because a) production rates prior to 

disturbance were the highest in the upslope watershed positions (1 5-60m from shore), b) 

clearing of vegetation could lead to increased rates of inorganic nitrogeo production and 

accumulation mause, 1982), especiaiiy in the soils of the upslope areas, c) due to gravity, 

mobile nitrogen that accumulates in upslope soiis has a high probability of rapid movement 

to downslope positions in water, d) clearing of ecotonal vegetation may also reduce the 

ecotone's efficiency Ui slowing down the rate of water movement and in intercepting 

nitrogen, especiaiiy during periods of high nuiof Proper management of water resources 

and their surroundhg terrestrial components requires understanding predisturbance 

nitrogen dynamics at the landscape scale, however the true effects of shoreline disturbance 

on nitrogen cyciing can only be accurately predicted through experimentai ecotone 

manipulation and cornparison of the pre- and post-disturbance nitrogen cyciing conditions. 

The low magnitude of both the estimate of the total inorganic nitrogen initially 

present in the soi1 and the estimated nitrification rate suggests that nitrogen cycling in this 

undisturbed ecosystern is Iikely to be highfy conservative (Vitousek et al., 1982), with low 

rates of NO3-N production and as a result, modest losses to NO3-N sinks such as plants, 

microbes, aquatic systems and the atrnosphere (Blew and Parkinson, 1993). This was 

further supported by the results of the denitrification study. The fiequent absence of 

denifier activity noted in cores incubating in situ implied that sarnpling inadequately 

encompassed the high spatial and temporal variation that is characteristic of in sihr 

denitrification. However, the fact that none of the cores that were active showed 



substantiaiiy bigh rates of denitrification seemed to suggest that the overaii magnitude of 

denitrification was low in the near-shore zone. 

Giüiarn et al. (1996) noted that low rates of denitrification may be adequate for 

removing NO3-N during times when water flow rate is low and the residence t h e  of 

NOrN in the riparian area is Likely to be longer. However in 1996, NOrN production 

rates were low in the near-shore zone (1 pg-g-l-d-'), and denitrification rates were even 

Iower (0.03~g~-'-d-'). This suggests that other NO3-N sinks such as plants, microbes and 

the aquatic community receive the remainder of the NO3-N produced @avidson et ai., 

1992), especiaüy between rainfaii events and in the summer when denitrification is not 

Iikely as prevalent. Estimates of plant and microbiai inorganic nitrogen assimilation rates 

and pool sizes, as weii as nitrogen input and output rates fiom the ecosystem would be 

useful for testing this assumption, and are a necessary requirement for the development of 

a complete nitrogen cycling budget. Plant and microbe sinks have been termed as 

'transitory nitrogen retention mechanisms', as the nitrogen they assimilate is eventually 

returned to the soi1 and remobilized (Vitousek and Reiners, 1975). Despite this, their 

nitrogen buffering role in riparian forests is significant, especialiy when the seasonal and 

variable nature of denitrification is considered (Pinay et al., 1993). 

Peterson and RoKe (1982) and Blank et al. (1980) estirnated that spring 

ephemerals could assimilate nitrogen at a rate of up to 10k~-ha-'.~", and Fail et al. (1986) 

found that uptake by vegetation could account for up ta 50kgha-'.~'' of nitmgen. 

Vegetation is not likely responsible for al1 of the nitrogen uptake in the present system, as 

annuai net nitrogen mineralization rate estimates in the near-shore zone alone were 



85kgha-'. Microbiai assimilation is another important NOrN sink. Zak et al. (1990) 

found that the soil microbial cornmunity was more important to overall NO3-N regulütion 

than were spring ephemerai species. Smith and Paul (1990) found that more than 

100kg-ha-' was tied up in this pool in temperate forest soils, and Groffman et al. (1996) 

also suggested that the groundwater NOrN removal they observed may have been due to 

microbial immobîiization. 

One of the problems with riparian research is that it is d i c u l t  to logically link the 

various nitrogen production, trader and uptake mechanisms in the field. N03-N removai 

rates as estimated indirectiy through changes in groundwater N03-N concentration are 

usuaiiy found to be rnuch higher than removal rates rneasured somewhat more directly 

through quantification of immobilization and denitrification (Lowrance, 1992; G r o h a n  et 

al., 1992; Nelson et al., 1995). This may be because immobiliition and denitrification 

rates are cornmody estimated in laboratory settings, or do not entirely encompass spatial 

and temporai variation if they are attempted in situ. 

It would have been worthwhile to quant@ denitrification immediately following 

rain events and in the spRng in this intact system in order to objectively assess the 

significance of denitrification as a NO3-N si&. These are the times when environmental 

conditions conducive to denitrification are most likely to be at their optimum (Grohan et 

al., 1 992), and without these estimates, denitritication cannot be altogether discounted as 

an important NOrN sink in the near-shore riparian area. Hendrickson (198 1) found that 

-1 -1 denitrification could account for up to 30kgha .y of nitrogen loss in riparian forests. In 

addition, since NO3-N seemed to be the main factor timiting denitrification in this study, 



the relative strength of this sink could perhaps increase in response to certain types of 

disturbance that increase the production and transfer of NOrN (the substrate for 

denitrification) to the near-shore zone (Davidson and Swank, 1 986). AnaIysis of 

denitrification potential by simulating a situation of increased NO3-N loading in the 

laboratory could be usefùi for assessing this disturbance response. 

Despite the lack of NO3-N accumulation, the estimated annual net nitrogen 

mineralization rate in the upslope hardwood area of the watershed was comparable to that 

of other studies, and was in the upper range for mature hardwood forest tnineraiization 

rates. This emphasizes both the extent of inorganic nitrogen turnover that occurs on an 

annual basis within the watershed as well as the capacity of the ecotone to regulate 

nitrogen movement and discharge to the receiving aquatic community. One of the main 

ways that this mature watershed ecosystem seems to regulate the addition of NO3-N to 

the lake rnay simply involve mùiimizing the amount of mobile inorganic nitrogen (N03-N) 

that initiaily accumulates through nitrification in the soils surrounding the aquatic 

component. Structural modification of the near-shore zone may alter its highly 

conservative nature, and this could have significant ecological effects to the receivùig 

aquatic community. The implications of shoreline development, use and management to 

ecotones and nutrient processes across them necessitates fùrther research in this area. 



LITERATURE CITED 

Aber, J. D. 1 992. Nitrogen cyciing and nitrogen saturation in ternperate forest ecosysterns. 
Tree. 7(7): 220-224. 

Aiken, L. S. and S. G. West. 1991. Multiple Regression: testing and interpreting 
interactions. Sage Publications, Inc- Newbury Park, CA pp. 212. 

Alexander, M. 1977. Introduction to Soil Microbiology. John Wiley and Sons, Inc. N.Y. 
pp. 472. 

Ambus, P. and R Lowrance. 1991. Comparison of denitrification in two riparian soils. 
Soil Sci. Soc, Am. J. 55: 994-997. 

Arp, P. A, H. B. King and H. H. Krause. 1980. Storage effects on nutrient mineralkation 
in coniferous forest floor samples. Can. I. Soil Sci. 60: 5 17-525. 

Aulakh, M. S., Kuldip-Singh, Bijay-Singh, and J. W. Doran. 1996. Kiuetics of nitrification 
under upland and flooded soils of varyuig texture. Comm. Soil Sci. Plant Anal. 
27(9& 1 O):2079-2089. 

Beauchamp, E. G. and D. W. Bergstrom. 1993. Denitrification. p. 35 1-357. M. R 
Carter (ed.). Soil Sampling and Methods of Analysis. Lewis Publishers, London. pp. 823. 

Binkley, D., R Bell, and P. S o h s .  1992. Cornparison of methods for estimahg soi1 
nitrogen transformations in adjacent conifer and alder-coaifer forests. Can. J. For. Res. 
22(6): 858-863. 

Binkley, D. and S. C. Hart. 1989. The components of N avaiiability assessments in forest 
soik Adv. Soi1 Sci. 10: 57-1 12. 

Bisson, P. A, T. P. Quinn, G. H. Reeves and S. V. Gregory. 1992. Best management 
practices, cumulative effects, and longtenn trends in fish abundance in Pacinc Northwest 
river systems. p. 1 89-232. C: R Naiman (ed.). Watershed Management: Balanchg 
Sustainability and Environmental Change. Springer-Verlag, New York. pp. 542. 

Blackmer, A M., S. G. Robbins and J. M. Bremner. 1982. Diumal variability in rate of 
emission of nitrous oxide fiom soils, Soil Sci. Soc. Am. J. 46:937-942. 

Blake, G. R and K. H. Hartge. 1986a Bulk density. p. 363-375. b: A Nute (ed.). 
Methods of Soi1 haiysis. Part 1. Physical and Mineraiogical Methods. Agronomy No. 9, 
2nd ed. American Society of Agronomy, Madison, WI. 



Blake, G. R and K. H. Hartge. 1986b. Particle density. p. 377-382. IJ: A Klute (ed.). 
Methods of Soi1 Analysis. Part 1. Physical and Mineralogical Methods. Agronomy No. 9, 
2nd ed. American Society of Agronomy, Madison, WI, 

Blank, J. L., R K Olson and P. M. Vitousek, 1980. Nutrient uptake by a diverse spciag 
ephemerai community. Oecologia (Berl.). 47: 96-98. 

Blew, R D. and D. Parkinson. 1993. Nitrification and denitrification in a white spruce 
forest in southwest Alberta, Canada. Can. J. For. Res. 23 : 17 1 5- 17 19. 

Boemer, R E. J., and S. D. Koslowsky. 1989. Microsite variations in soii chemistry and 
nitrogen mineralization in a beech-maple forest. Soil Biol. Biochem. 2 l(6): 795-80 1. 

Boone, R D. 1992. Muence of sampling date and substrate on nitrogen mineraikation: 
cornparison of laboratory-incubation and buried-bag methods for two Massachusetts 
forest soils. Can. J. For. Res. 22: 1895-1900. 

Brady, N. C. 1984. The nature and properties of soils. 9th ed. Macmillan, New York. pp. 
750. 

Brown, D. M., G. A McKay and L. J. Chapman. 1974. The climate of southern Ontario. 
Cfimatological Studies No. 5. Environment Canada, Toronto, Ont. 

Buresh, R J. and W. H. Patrick Jr. 1978. Nitrate reduction to ammonium in anaerobic 
soil. Soii Sci. Soc. Am. J. 42:913-918. 

Campbell, C. A, V. O. Biederbeck and F. G. Warder. 1971. Infiuence of simulated fail 
and spnng conditions on the soil system: II. Effect on soil nitrogen. Soil Sci. Soc. Amer. 
Proc., 35: 480-483. 

Carter, M. R and Bali, B. C.. 1993. Soil porosity. p. 58 1-588. In: M. R Carter (ed.). Soil 
Sampling and Methods of Analysis. Lewis Publishers, London. pp. 823. 

Coats, R N., R L. Leonard and C. R Goldman. 1976. Nitrogen uptake and reIease in a 
forested watershed, Lake Tahoe Basin, California. Ecology. 57: 995-1004. 

Cooper, B. A 1990. Nitrate depletion in the riparian zone and sueam channel of a small 
headwater catchment. Hydrobiologia. 202: 13-26. 

Cormack, R M. 1979. Spatial aspects of competition between individuais. p. 15 1-2 12. In: 
R M. Cormack and J. K. Ord. (eds.). Spatial and Temporai Analysis in EcoIogy. 
International Co-operative, Burtonsviiie, Md. pp. 356. 

Crouse, K. K., J. I. Varco and W. F. Jones. 1994. Evaiuation of methods for soii inorganic 
nitrogen analysis. Commun. Soii Sci. Plant Anal. 25(3&4):4 19-43 3. 



Curtis, H. 1979. Biology. Worth Publishers, Inc. New York. pp. 1043. 

Davidson, E. A, S. C. Hart and M. K. Firestone. 1992. Intemal cychg of nitrate in soils 
of a mature coniferous forest. Ecology 73(4): 1148-1 156. 

Davidson, E. A, S. C. Hart, C. A Shanks and M. K. Fiestone. 1991. Meamring gross 
nitrogen mineralization, immobiiization, and nitrification by '3 isotopic POO[ dilution in 
intact soil cores. J. Soil Sci. 42:335-349. 

Davidson, E. A and W. T. Swank. 1986. Environmental parameters regulating gaseous-N 
losses fiom two forested ecosystems via nitrification and deaitrification. Appl. Environ. 
Microbiol. 52: 1287-1292. 

Davidson, E. A and W. T. Swank. 1987. Factors limiting denitdication in soils from 
mature and disturbed southeastern hardwood forests. For. Sci. 33(1): 13 5- 144. 

Decamps, H., F. Fournier, R J. Naiman and R. C. Petersen Jr. 1990. An international 
research effort on landhiand water ecotones in landscape management and restoration 
1990- 1996. Ambio. 19(3): 175-1 76. 

Decamps, H. and R J. Naiman. 1990. Towards an ecotone perspective. p. 1-5. b: 
Naiman, R J. and H. Decamps, (eds.). The Ecology and Management of Aquatic- 
Terrestriai Ecotones. Programme on Man and the Biospere 4. Unesco, Paris and 
Parthenon Publishing, Carnforth. pp. 3 16. 

Duda, A M. 1982. Municipal point source and agricultural nonpoint source contributions 
to coastai eutrophication. Water Res. Bull. 18:397-407. 

Dutch, J. and Ineson, P. 1990. Denitrification of an upland forest site. Forestry. 63(4): 
3 63 -3 77. 

Edmeades, D. C., D. M. Whecler and 0. E. Clinton. 1985. The chernical composition and 
ionic strength of soii solutions £tom New Zealand topsoils. Aust. J. Soil Res. 23: 15 1- 165. 

Eno, C. F. 1960. Nitrate production in the field by incubating the soil in poIyethyIene bags. 
Soil Sci. Soc. Am. Froc. 24:277-279. 

Esaia, M. J. 1994. Deep-fieezing pretreatment and tirne of extraction of soil samples for 
inorganic nitrogen detemination. Commun. Soi1 Sci. Plant Anal. 25(5&6):65 1-662. 

Esala, M. J. 1995. Changes in the extractable ammonium- and nitrate-nitrogen contents of 
soil samples during fteezing and thawing. Commun. Soii Sci. Plant Anal. 26(l &î):6 1-68. 



Fail, J. L., Jr., M. N. Hamzah, B. L. Haines and R L. Todd. 1986. Above and below 
ground biomass, production, and element accumulation in riparian forests of an 
agriculturai watershed. p. 193-224. In: D. L. Correll (ed.). Watershed research 
perspectives. Srnithsonian Inst. Press, Washington, D.C. 

Fewson, C. A and D. J. D. Nicholas. 196 1. Utilization of nitrate by microorganisms. 
Nature, 190:2-7. 

Flanagan, P. W. and K. Van Cleve. 1983. Nutrient cyclïng in relation to decomposition 
and organic-matter quality in taiga ecosystems. Can. J. For. Res. 13 : 795-8 17. 

Fraser, J. M. 1963. A reconnaissance of "brook trout lakesY7 in the Algonquin Park area of 
Ontario. Section Report (Fisheries) No. 46. 

Gardner, W. EL 1986. Water content. p. 493-544. h: A Mute (ed.). Methods of Soil 
Analysis. Part 1 . P hysical and Mineralogical Methods. Agronomy No. 9, 2nd ed. Arnerkan 
Society of Agronomy, Madison, WI. 

Gilbert, J., M. Dole-OLiMer, P. Marmonier and P. Vervier. 1990. Surfacewater- 
groundwater ecotones. p. 199-225. b: Naiman, R J. and H. Decamps (eds.). The 
Ecology and Management of Aquatic-Terrestrial Ecotones. Programme on Man and the 
Biospere 4. Unesco, Park and Parthenon Publishing, Carnforth. pp. 3 16. 

Gilliam, J. W., J. E. Parsons and R L. Mikkelsen. 1996. Nitrogen dynamics and b&er 
zones. North Carohna S tate University. 

Gilmour, J. T. 1984. The effects of soii propertîes on nitrification and nitrification 
inhibition. Soil Sci. Soc. Am. 1. 48: 1262-1266. 

Gordon, A G. 1983. Nutrient cycling dynamics in differing spnice and mixedwood 
ecosystems in Ontario and the effects of nutrient removals through harvesting. p. 97-1 18. 
In: Riewe, R W. and 1. R Methven (eds.). Resources and Dynamics of the Boreai Zone. - 
Assoc. Can- Univ. for Northern Studies, Ottawa, Ontario. 

Gordon, A M. 1986. Seasonal patterns of nitrogen minerakation and nitrification 
following harvesting in the White Spruce forests of interior Alaska. Ph. D. Thesis, Univ. of 
Alaska, Fairbanks, Alaska pp. 364. 

Gordon, A M. 1988. Use of polyethylene bags and fiims in soi1 incubation studies. Soil 
Sci. Soc. Am. J. 52: 15 19-1520. 

Gordon, A M., M. Tallas, and K. Van Cleve. 1987. Soil incubations in polyethelene bags: 
Effect of bag thickness and temperature on nitrogen transformations and COz 
permeability. C m  J. Soi1 Sci. 67: 65-75. 



Gosq J. R 198 1. Nitrogen cycling in coniferous ecosystems. p- 405-526. In: F.E. Clark 
and T. Rosswail. (eds.). Terrestrial Nïtrogen Cycles. Ecol. Bd. Stockholm- v33. pp. 714. 

GrofEuan, P. M., A. J. Gold and R C. Simcnons. 1992- Nitrate dynamics in riparian 
forests: microbiai studies. J. Environ. Quai. 21: 666-671. 

Grofhan, P. M., G. Howard, A J. Gold and W. M- Nelson. 1996. Microbiai nitrate 
processing in shaliow groundwater in a riparian forest. J. Environ Quai. 25: 1309-13 16. 

Grofhan, P. M. and J. M. Tiedje. 1989. Denitrification in north temperate forest soils: 
spatial and temporal patterns at the landscape and seasonal scales. Soil Biol. Biochem. 
21(5): 6 13-620. 

Groffinan, P. M., D. R Zak, S. Christensen, A Mosier and J. M. Tiedje. 1993. Early 
spring nitrogen dynamics in a temperate forest landscape. Ecology. 74(5): 1579-1 585. 

Grundmann, G. L., P. Renault, L. Rosso and R Bardin. 1995. Diferentiai effécts of soil 
water content and temperature on nitrification and aeration. Soi1 Sci. Soc. Am. S. 
59: 1342-1349. 

Haines, B. L. 1977. Apparent pattern during old field succession in Southeasteru U.S. 
Oecologia (Berl.) 26:295-303. 

Hankinson, T. R and E. L. Scbmîdt. 1984. Examination of an acid forest soil for 
arnrnonia- and nitrite-oxidïg autotrophic bactena. Can. J. Microbiol. 3 0: 1 1 25-1 13 2. 

Harding, D. E. and D. J. Ross. 1964. Some factors in low-temperature storage influencing 
the mineralisable-nitrogen of soils. J. Sci. Fd. Agric. 15: 829-834. 

Hart, S. C. and M. K. Fuestone. 1989. Evaluation of three in situ soii nitrogen availability 
assays. Can. J. For. Res. 19: 185-191. 

Hart, S. C., G. E. Nason, D. D. Myrold and D. A. Peny. 1994. Dynamics of gross 
nitrogen transformations in an old-growth forest: the carbon connection. Ecology. 75(4): 
880-89 1. 

Hedin, L. O., J. J. Armesto and A H. Johnson. 1995. Patterns of nutrient loss fiom 
unpolluted, old-growth temperate forests: evaluation of biogeochemicd theory. Ecology. 
76(2): 493-509. 

Hendrickson, O. Q. Jr. 1981. Flux of nitrogen and carbon gases in bottomland soils of an 
agricultural watershed. Ph. D. Diss. Univ. of Georgia, Athens. 

Hills, G, A 1959. A ready reference to the description of the land of Ontario and its 
productivity. Ontario Department of Lands and Forests, Division of Research, Maple, Ont. 



Hilis, G. A and W. G. E. Brown. 1955. The sites of the University of Toronto Forest. 
Pre-conference proceedings. 8th Northeastern Forest Soils Conference, August 1-4, 1955, 
Dorset, Ont. pp. 141. 

Hoiiand, M., D. F. Whigham and B. Gopai. 1990. The characteristics of wetland ecotones. 
p. 17 1 - 198. b: Naiman, R J. and H. Decamps (eds.) The Ecology and Management of 
Aquatic-Terrestriai Ecotones. Programme on Man and the Biospere 4. Unesco, Paris and 
Parthenon Publishing, Cardiorth, pp. 3 16. 

Holmes, W. E. and D. R Zak. 1994. Soii microbial biomass dynamics and net nitrogen 
mineralization in northern hardwood ecosystems. Soii Sci. Soc. Am J. 58:238-243. 

Humphrey, W. D. and D. J. Pluth. 1996. Net nitrogen mineraiization in naturai and 
drained fen peatlands in Alberta, Canada. Soil Sci. Soc. Am. J. 60: 932-940. 

Jones, J. M. and B. N. Richards. 1977. Effect of reforestation on turnover of 'SN-labelled 
nitrate and ammonium in relation to changes in soil rnicroflora. Soii Biol. Biochem. 9:383- 
392. 

Keeney, D. R 1980. Prediction of soil nitrogen availability in forest ecosystems: A 
literature review. For. Sci. 26: 1 59- 17 1. 

Keeney, D. R. and D. W. Nelson. 1982. Nitrogen-inorganic forms. p. 443-698. In: A L. 
Page (ed.). Methods of Soil Anaiysis. Part 2. Chemicai and Microbiologicai properties. 
Agronomy No. 9, 2nd ed. American Society of Agronomy, Madison, W. pp. 1 159. 

Kimmins, J. P. 1987. Forest Ecology. Macmillan Publishing Company. New York, N. Y. 
pp. 53 1. 

Kiingensmith, K. M. and K. Van Cleve. 1993. Denitrification and nitrogen fixation in 
floodplain successionai soils dong the Tanana River, interior Alaska. Can. J. For. Res. 23 : 
956-963. 

Knoepp, J. D. and W. T. Swank. 1995. Comparison of available soii nitrogen assays in 
control and burned forested sites. Soil Sci. Soc. Am. J. 59: 1750-1754. 

Krause, H. H. 1982. Nitrate formation and movement before and after clear-cutting of a 
monitored watershed in centrai New Brunswick, Canada. Can. J. For. Res. 12: 922-930. 

Lee, L. W. 1970. Elementary principles of laboratory instruments. Second Edition. C. V. 
Mosby Company, Saint Louis. pp. 2 15. 

Lieffers, V. J. 1988. Sphagnum and cellulose decomposition in drained and naturai areas 
of an Alberta peatland. Can. J. Soi1 Sci. 68:755-76 1. 



Likens, G. E. and F. EL Bormann. 1974. Linkages between terrestrial and aquatic 
ecosystems. Bioscience. 24(8): 447-456. 

Lowrance, R, R Todd, J. Faii Jr., O. Hendnckson, Jr., R Leonard and L. Asmussen. 
i 984. Riparian forests as nutrient filters in agricultura.1 watersheds. BioScience. 34(6):3 74- 
3 77. 

Lowrance, R 1992. Groundwater nitrate and denitrification in a coastal plain riparian 
forest. J. Environ. Qual. 2 1 : 40 1-405. 

Lundgren, B. 1982. Bacteria in a pine forest soil as affected by clear-cutting. Soi1 Biol. 
Biochem. 14537-542. 

Martikainen, P. 1. and W. De Boer. 1993. Nitrous oxide production and nitrification in 
acidic soii f5om a dutch coniferous forest. Soi1 Biol. Biochem. 25(3):343-347. 

McClaugherty, C. A, J. Pastor, J. D. Aber and J. M. Melillo. 1985. Forest Litter 
decornposition in relation to soil nitrogen dynarnics and Litter quaiity. Ecology. 66(1):266- 

McKenney, D. J., I. R Vrîesacker and Chatarpaul L. 1984. Denitrification in some 
northern Ontario forest soils. p. 1 1 1- 1 14. h: S. Hasnain (ed.). Proceedings of the 5th 
Canadian Bioenergy Research and Development Serninar, 26-28 Mar. 1984. Elsevier 
Applied Science Publishers Ltd. London. pp. 602. 

Memll, A. G. and D. R Zak. 1992. Factors controllhg denitrification rates in upland and 
swamp forests. Can. J. For. Res. 22: 15974604. 

Moraghan, J. T. and R Buresh. 1977. Correction for dissolved nitrous oltide in nitrogen 
studies. Soi1 Sci. Soc. Am. J., 41 : 120 1-1202. 

Mosier, A R, W. D. Guenzi and E. E. Schweizer. 1986. Field denitrification estimation 
by nitrogen-15 and acetylene inhibition techniques. Soi1 Sci. Soc. Am. 1. 50: 83 1-833. 

Myrold, D. D. and J. M. Tiedje. 1985. Diffusionai constraints on denitrification in soil. 
Soi1 Sci. Soc. Am- J. 49: 651-657. 

Nelson, W. M., A J. Gold and P. M. Grohan.  1995. Spatiai and temporal variation in 
groundwater nitrate removal in a riparian forest. J. Env. Qud. 24:691699. 

Odum, W. E. 1990. Interna1 processes influencing the maintenance of ecotones: Do they 
exist? p. 9 1-102. h: Naiman, R J. and H. Decamps (eds.). The Ecology and Management 
of Aquatic-Terrestriai Ecotones. Programme on Man and the Biospere 4. Unesco, Paris 
and Parthenon Publishing, Cadorth. pp. 3 16. 



P a r k  T. B. 1987. Soi1 microsites as a source of denitrification variability. Soil Sci. Soc. 
Am. J. 51: 1194-1 199. 

Parkin, T. B., H F. Kaspar, A I. Sexstone and J. M. Tiedje. 1984. A gas-flow soi1 core 
method to measure field denitrification rates. Soil Biol. Biochem. 16: 3 23 -3 3 0. 

Parkin, T. B., A J. Sexstone and J. M. Tiedje. 1985. Cornparison of field denitrification 
rates determined by acetylene-based soil core and and nitrogen-15 methods. Soi1 Sci. Soc. 
Am. J. 49: 94-99. 

Par& T. B., J. L. Starr and I. J. Meisinger. 1987. Infiuence of sample size on 
measurement of soil denitrification- Soi1 Sci, Soc. Am. J. 5 1 : 1492- 150 1. 

Parkin, T. B., and J. M. Tiedje. 1984. Application of a soi1 core method to investigate the 
effect of oxygen concentration on denitrification. Soil Biol. Biochem. 4: 33 1-334. 

Pastor, J., J. D. Aber, C. A. McClaugherty, and J. M. Meliilo. 1984. Aboveground 
production and N and P cycling dong a nitrogen minerakation gradient on Blackhawk 
Island, Wisconsin. Ecology. 65 :256-268. 

Paul E. A, and F. E. Clark. 1989. Soil Microbiology and Biochemistry. Academic Press, 
Inc. San Diego, California, U S A  pp. 275. 

Payne, J. 1984. Infiuence of acetylene on microbial and enzymatic assays. J. Microb. 
Methods. 2: 1 17- 133. 

Pete rjohn, W. T. and D. L. Correll. 1984. Nutrient dynamics in an agricultural watershed: 
observations on the rote of a nparian forest. Ecology. 65(5): 1466- 1475. 

Peterson, D. L. and G. L. Rolle. 1982. Nutrient dynamics of herbaceous vegetation in 
upland and floodplah forest communities. Am. Midl. Nat. 107(2):325-3 3 9. 

Pieczynska, E. 1990. Lentic aquatic-terrestrial ecotones: their structure, fùnctions, and 
importance. p. 103-1 40. b: Naiman, R J. and H. Decamps, (eds.). The ecology and 
management of aquatic-terrestrial ecotones. Programme on Man and the Biospere 4. 
Unesco, Paris and Parthenon hblishing, Caniforth, pp. 3 16. 

Pinay, G., L. Roques and A Fabre. 1993. Spatial and temporal patterns of denitrification 
in a riparian forest. Journal of Applied Ecology. 3O:S8 1-59 1. 

Poovarodum, S. and R L. Tate III. 1988. Nitrogen minerakation rates of the acidic, xenc 
soils of the New Jersey Pine1ands:laboratory studies. Soi1 Sci. 145(5):3 3 7-344. 



Powers, R F. 1990. Nitrogen minerakation dong an altituciinai gradient: interactions of 
soii temperature, moisture and substrate quality. Forest Ecology and Management. 30: 19- 
29. 

Reddy, K. R 1982. Nitrogen cycling in a flooded-soii ecosystem planted to rice (Oryza 
sativa L.). Plant Soii. 67:209-220. 

Rice, E. L. and S. K. Pancholy. 1972. Inhibition of nitrification by ciimax ecosystems. 
Amer. J. Bot. 59(10): 1033-1040. 

Rice, E. L. and S. K. Pancholy. 1973. inhibition of nitrification by climax ecosystems. iI. 
Additionai evidence and possible role of tannins. Amer. J. Bot. 60(7):69 1-702. 

Risser, P. G. 1990. The ecologicd importance of land-water ecotones. p. 7-21. h: 
Naiman, R J. and H. Decamps. (eds.). The Ecology and Management of Aquatic- 
Terrestriai Ecotones. Programme on Man and the Biospere 4. Unesco, Paris and 
Parthenon Publishùig, Caniforth, pp. 3 16. 

Risser, P. G. 1993. Ecotones: Ecotones at local to regional scales fiom around the world. 
Ecol. Appl. 3(3): 367-368. 

Robertson, G. P. 1982. Nitrification in forest ecosystems. Philosophical Transactions of 
the Royai Society of London. 296: 445-457. 

Robertson, G. P., M. A Huston, F. C. Evans and J. M. Tiedje. 1988. Spatial variability in 
a successional plant community: patterns of ~ t rogen availability. Ecology. 69(5): 1 5 17- 
1524. 

Robertson, G. P. and J. M. Tiedje. 1984. Denitdication and nitrous oxide production in 
successional and old-growth Michigan forests. Soil Sci. Soc. Am. J. 48: 383-389. 

Robertson, G. P., P. M. Vitousek, P. A Matson and J. M. Tiedje. 1985. Denitrification in 
a clearcut Loblolly pine (Pinus taeda L.) plantation in the southeastern US. Plant and Soil. 
97: 119-129. 

Ross, D. S. and R J. Bartlett. 1990. Effects of extraction methods and sarnple storage on 
properties of solutions obtained fiom forestecl spodosols. J. Env. Qual. 19: 108- 1 13. 

Rosswall, T. 1976. The internai nitrogen cycle between microorganisms, vegetation and 
soil. Ecol. Bull. (Stockholm) 22: 157-1 67. 

Ryden, J. C., J. H. Skinner and D. J. N ~ o n .  1987. Soil core incubation system for the field 
measurement of denitrification using acetylene-inhibition. Soil Biol. Biochem. 19: 753- 
757. 



Sahrawat, K L, and D. R Keeney. 1986. Nitrous oxide emission from soils. Adv. Soil 
Sci. 4: 103-148. 

Sdonius, P. 0. 1978. Effects of mixing and various temperature regimes on the respiration 
of fkesh and air-dneci coniferous raw humus materials. Soii BioI. Biochem. 10: 479-482. 

Schipper, L. A, A B. Cooper, C. G. Harfoot and W. J. Dyck. 1993. Regdators of 
denitritication in an organic riparian soil. Soii Biol. Biochem. 25(7):925-933. 

Schnabel R R., L. F. Cornish, W. L. Stout and J. A. ShafFer. 1996. Denitrification in a 
grassed and a wooded, valley and rïdge, riparian ecotone. J. Env. Qual. 25: 123 0- 1 23 5. 

Smith, J. L. and E. A Paul. 1990. The signifïcance of soii microbial biomass estimations. 
p. 3 57-396. In: Soi1 Biochemistry. V6. BoUag, J. and G. Stotzky (eds.). Marcel Dekker, 
Inc. New York, pp. 565. 

Smith, M. S. and K. Zimmerman. 198 1. Nitrous oxide production by nondenitrimg soil 
nitrate reducers. Soi1 Sci. Soc. Am. J. 45:865-871. 

Snedecor, G. W. and W. G. Cochran. 1989. Stastical Methods. 8th Edition. Iowa State 
University Press, Ames, Iowa. 

Sollins, P. K. Cromack Jr., F. M. MC Corison, R H. Waring and R D. Harr. 198 1. 
Changes in nitrogen cycling at an old-growth Douglas-fir site after disturbance. 1. Env. 
Qual. 10(1):37-42, 

Staaf, H, and B. Berg. 1981. Plant Litter inputs to soil. In: F. E. Clark and T. Rosswali 
(eds.). Terrestrial Nitrogen Cycles. Ecol. Bull. (Stockholm). 33 : 147- 162. 

Stark, J. M. and S. C. Hart. 1997. High rates of nitrification and nitrate turnover in 
undisturbed coaiferous forests. Nature. 3 85:6 1-64. 

Strauss, R B. and M. K. Firestone. 1982. Denitrification in a coniferous forest s d .  
Agronomy Abstracts. 198. 

Terry, R. E. and J. M. Duxbury. 1985. Acetylene decomposition in soils. Soil Sci. Soc. 
Am. J. 49: 90-94. 

Thorne, J. F. and S. P. Harnburg. 1985. Nitrification potentials of an old-field 
chronosequence in Campton, New Hampshire. Ecol. 66(4): 1333-1338. 

Tiedje, J. M. 1982. Denitrification. p. 101 1-1026. In: A. L. Page (ed.). Methods of Soi1 
Analysis. Part 2. Chernical and Microbiological properties. Agronomy No. 9, 2nd ed. 
American Society of Agronomy, Madison, W. pp. 1 159. 



Tiedje, J. M. 1988. Ecology of denitrification and dissimilatory nitrate reduction to 
ammonium. p. 179-245. b: A J. B. Zehnder (ed.). Biology of Anaerobic 
Microorganisms, Wdey, N.Y. pp. 872. 

Tiedje, J. M., S. Simkins and P. M. Groflinanan 1989. Perspectives on measurement of 
denitrification in the field includmg recommended protocols for acetylene based methods. 
Plant and Soil 1 15: 26 1-284. 

Tuner, M. G. 1989. Landscape ecology: the effect of pattern on process. Annu. Rev. 
Ecol. Syst. 20: 171-197. 

Van Miegroet, H. 1995. Inorganic nitrogen detemiined by laboratory and field extractions 
of two forest soifs. Soi1 Sci. Soc. Am. J, 59: 549-553, 

Vermes, J. and D. D. Myrold. 1992. Denitrification in forest soils of Oregon. Can. J. For. 
Res. 22: 504-5 12. 

Vitousek, P. M., J. R Gosz, C.C. Grier, J. M. MeWlo and W. A Reiners. 1982. A 
comparative analysis of potential nitrification and nitrate mobility in forest ecosystems. 
Ecol. Monogr. 52(2): 1 55- 177. 

Vitousek, P. M. and J. M. MeWlo. 1979. Nitrate losses from disturbed forests: patterns 
and mechanisms. For. Sci. 25(4): 605-6 19. 

Vitousek, P. M. and W. k Reiners. 1975. Ecosystem succession and nutrient retention: a 
hypothesis. Bioscience. 25(6): 376-38 1. 

Walter, H. M., D. R Keeney and 1. R Fillery. 1979. Inhibition of nitrification by 
acetylene. Soil Sci. Soc. Am. 1-43: 195-196. 

Waiworth, J. L. 1992. Soil drying and rewetting, or freezing and îhawing, affects soii 
solution composition. Soil Sci. Soc. Am. J. 56:433-437. 

Wanvick, J. and A R Hiil. 1988. Nitrate depletion in the riparian zone of a small 
woodland Stream. Hydrobiologia. 1 57:23 1-240. 

WestfaU, D. G*, M. A. Henson and E. P. Evans. 1978. The effect of soi1 sample handling 
between collection and drying on nitrate concentration. Comm. Soii Sci. Plant Anal. 
g(2): 169-185. 

Yoshinari, T. and R Knowles. 1976. Acetylene inhibition of nitrous oxide reduction by 
d e n i t m g  bacteria. Biochem. Biophys. Res. Comm. 69(3): 705-7 10. 



Zak, D. R, P. M. Grofian, K. S. Pregiaer, S. Christensen and I. M. Tiedje. 1990. The 
vernal dam: plant-microbe cornpetition for nitrogen in northern hardwood forests. Ecology 
71(2): 651-656. 

Zak, D. R, A Haimon and D. F. Grigal. 199 1. Topographie influences on nitrogen 
cycling within an upland Pin Oak ecosystem. For. Sci. 37(1): 45-53. 

Zak, D. R, K S. Pregitzer and G. E. Host. 1986. Landscape variation in nitrogen 
mineraikation and nitrification. Can. J. For. Res. 16: 1258- 1263. 

Zak, D. R and K. S. Pregitzer. 1990. Spatial and temporal variability of nitrogen cychg 
in northem Lower Michigan. For. Sci. 3 6:3 67-3 80. 



APPENDIX 1 

METHODOLOGY EXPERIMENTS 

Generai Introduction 

Although soii sampling and analysis methodologies have been in use for many 

years, representative in situ estimations continue to chdenge researchers. The higldy 

dynamic nature of many soil biological processes demands precise, standardized 

quantification in natural field settings (Vau Miegroet, 1995), yet this is sometimes not 

possible due to practical limitations. The detait of soil sampiing and analysis techniques 

utilized must be specified, as siight changes to them can ultimately determine the reliability 

of the results obtained. Many of these effects are not understood. Four methodologicai 

effects were investigated in the present study: i) incubation bag effects on soi1 moisture 

content, ü) dryhg time effects on soii moisture content, üi) repeated thawing effects on 

W - N  and NOS-N content of soii samples, and iv) time of ion extraction on NI&-N and 

N03-N content of soil samples. 

General Data Analvsis 

Wicoxon's non-parametric signed-rank test for paired samples (Snedecor and 

Cochran, 1989) was used to determine rnethodological differences. Between-sample 

variation is minimized and treatment cornparisons are the most accurate when the 

members of a pair are chosen to be as dike as possible (Snedecor and Cochran, 1989). 

The two values used in a cornparison were therefore determined either by intentionally 

taking repeated measurements over time fiom the same sampIe (repeated thawing of the 

same extracts and repeated weighing of the same soi1 sample), or by splitting a coliected 



sarnple and exposing certain portions to different conditions (ion extractions on soi1 before 

and d e r  fieezing, and moisture content determinations on pre- and post-incubated soil). 

A non-parametric test was required because in most cases the sarnple size was small 

(n<30) and distributions of the differences between members of a pair couid not be 

normalized. 

i) Incubation Bag; Effects 

Moisture content was compared between the members of all pre- and post- 

incubated soil sample pairs to determine whether the soi1 contained in polyethelene bags 

maintained a relatively constant moisture level afier 30 days of incubation (Figure 15; 

Table 12). Only in very wet organic soi1 (130-350% moisture content) were pre-incubated 

samples found to be significantly dner (8%+ 1.4) than incubated samples ( 2 4 . 5 ,  

P<0.0001, N=427). PR- and past-incubated moisture contents were not found to be 

significantly dEerent in mineral @=O. 14, N=18O) or dry organic (< 130% moisture 

content) soil samples (P=0.06, N=141). Gordon et al. (1987) also reported minimal water 

losses over 28 day incubations in soils averaging 140% moisture content. 

As a result, in very wet organic soils, estimates of mineral nitrogen production rnay 

not be as representative of natural field production rates as estimates obtained in mineral 

or drier organic soils. Higher moisture levels in incubating bags may have aitered the 

aeration and temperature stanis of the contained soi, leading to less optimal conditions for 

soii microbes (Paul and Clark, 1989) compared to the surrounding soil and thus lower 

overall mineral nitrogen production rates. As many other site-specific factors were aiso 

found to influence production rates (refer to Ammonification and Nitrification results), it 



B pre-incubated 
post-incu bated 

mineral soi1 dry organic soi1 wet organic soi1 

Figure 15. Cornparison of average soii moisture content before and after 30 day 
incubations in polyethelene bags ( 5 standard error). 1995 and 1996 data 
are combined, and 'dry' and 'wet' organic soil refers to soils with moisture 
contents of Iess than and greater than 130%, respectively. Moisture 
contents of pre- and post-incubated pairs within the same soi1 category 
with the same letter were not found to be significantly dEerent (PC0.05) 
using Wdcoxon's nonparametric signed-rank test. 



Table 12. Buried-bag incubation, drying time and repeated thawing effects on soi1 
rnoisture content, soi1 dry weight and inorganic nitrogen concentrations, 
respectively. Asterisks indicate that the two groups in a cornparison were 
found to be significantly diierent (W0.05) using Wilcoxon's 
nonparametric signed-rank test. 

Average Standard N 
DifFerence Error 

INCUBATION EFFECTS 
Moisture Content (%) 
Wet organic soil incubated >pre-incubated 
Dry organic soil incubated = pre-incubated 
Mineral soi1 incubated = pre-incubated 

DRYING TIME 
Drv Wekht (g;l 
Organic soi1 69 hours >168 hours 

54 hours >168 hours 
54 hours = 69 hours 

Mineral soil 69 hours >168 hours 
54 hours >168 hours 
54 hours = 69 hours 

REPEATED THAWING 
N03-N (@) 1st thaw >2nd thaw 
m - N  (crL/L) 1 st thaw =2nd thaw 



would have been necessary to conduct a controlied experiment in order to quant* by 

how much the increase in soil moisture aec ted  mineral nitrogen production rates. 

In general, polyethylene bags tend to minimize moisture fluctuation of the soii 

contained within them throughout the incubation period @no, 1960; Gordon et ai., 1987), 

and as such, incubating soii is usudy exposed to conditions unlike those in the 

surrounding soil. Moisture Levels outside of each of the 36 incubation bags were estimated 

on day O (at the beginning of incubation period), day 14, and day 20 (at the end of 

incubation period) over the course of three incubation periods in 1996 to monitor the 

moisture behaviour of the soii substrate surrounding sample bags during their incubation, 

and to determine how a c ~ a t e l y  the moisture conditions of the soil contained inside 

incubating bags reflected the natural monthiy soi1 moisture fluctuations. Soi1 moisture 

varied significady within each of the 3 incubation periods (Figure 16; N=36, P<O.OO 1 for 

determinations within an incubation period with different letters), even though the 

moisture level at the beginning of each incubation period was consistently found to be 

similar to at least one of the other estimations during that incubation period. Moisture 

content was only determined 3 times during each 20 day incubation period, however, and 

it is also very likely that the soi1 moisture aIso fluctuated significantly durhg the time 

between each of these 3 determinations (between days O and 14, and 14 and 20). 

ii) DMne Time of Soi1 Samples 

Gardner (1986) suggests that gravimetric soi1 moisture content be determined by 

weighing wet soi1 samples, drying the samples for 48 hours at 65°C for organic soii or 

105°C for mineral soil, and then reweighing the samples. A s m d  experiment was 



July July-Auguçt 

O day O 
B day 14 

"day 20 

Aug ust 

Figure 16. Cornparison of average organic soi1 moisture content conditions extemal to 
incubation bags at the beginning (day O), day 14, and end (day 20) of each 
of  3 incubation periods in 1996 ( 2 standard error). Moisture content 
determinations of soiis within the same incubation period category with 
dierent letters were found to be significantly dierent (P<O.OO 1, N=36) 
using Wiicoxon's nonpararnetric signed-rank test. 



conducted in order to determine whether additional drying time led to significantly more 

water loss of soil samples. This effect was of interest because ail samples were not dried 

for equal amounts of the. 30 randomly seleaed organic and 20 mineral soil samples were 

weighed wet, and then reweighed after 54 hours, 69 hours and 168 hours of dryuig time to 

examine this effect. 

The amount of time that soil samples were dned for led to significant decreases in 

weight (Table 12, Figure 17). Organic samples dried for one week (168 hours) weighed 

sigdcantly less than samples dned for either 54 hours (Z=4.93, P<0.000 1, N=3 2) or 69 

hours (Z=5.0, P<0.0001, N=33). Dry weights after 69 hours were not significantiy 

diffierent from dry weights after 54 hours. Similar results were obtained for mineral soils 

(Table 12). Samples dried for 168 hours weighed significantiy less than samples dned for 

either 54 hours (Pc0.0 1, N= 13) or 69 hours (P<O.O 1, N=20). Dry weights after 69 hours 

were not significantly different from dry weights d e r  54 hours (E-0.05, N=li). 

Additional drying time was expected to remove more water fiom soil samples. However, 

the average loss in weight after an extra 5 days of drying was minimal (only 0.04g 3.002 

for organic soi1 and 0.02g 0.003 for mineral soil). As well, soil samples were removed 

fiom the drying oven and re-weighed usuaüy within three days and always weli before the 

168 hour upper k t .  

iii) Repeated Thawina of Soi1 S-les 

Another experiment examined whether repeated fieezing and thawing of soil 

samples signiiïcantly infiuenced the amount of mineral nitrogen released upon extraction. 

This effect was of interest as there was the possibility that some samples may have 
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Figure 17. Influence of drying time on organic soi1 weight. Samples were weighed 
wet, and then dned and reweighed at 54,69 and 168 hours. Organiç soiIs 
dried for 168 hours weighed significantly less (W0.05) than organic soils 
dried for either 54 or 69 hours. Pairs of samples were cornpared using 
Wilcoxon's nonpararnetric signed-rank test. 



required a second extraction, due to damage to initiaily prepared extracts (Mai breakage, 

spiiiage or misplacement). 12 soii samples were thawed, extracted, refrozen, rethawed and 

then reextracted, Extraction and analysis procedures are outlined in 'Laboratory 

Methods' . 

Freezing, thawing and extracthg soi1 samples a second time iduenced the amount 

of NO3-N extracted. Extractions completed on organic soii samples afker refieezing and 

subsequent rethawing yielded extracts with signifïcantly iower NO3-N concentration 

(P<0.000 1, N=12; Table 12, Figure 18) than extractions completed followuig initial 

thawing. Na-N concentration did not change. Campbell et al. (1 97 1) reported that 

fluctuating low temperatures (simiiar to several fieeze-thaw events) were more detrimental 

to nitrifiers than exposure to a constant low temperature. This observation, however, does 

not provide an explanation for the decrease in NOrN noted. Although the decrease was 

not large (second extractions led to NOrN decreases on average of O. I3ppm 9-03) ,  and 

a second extraction was never required during anaiysis, this effect was unexpected and is 

of interest. 

iv) Time of Ion Extraction 

Representative estimation of the amount of inorganic nitrogen found in soils is 

dficult. Highly dynamic microbial nitrogen transformation processes rapidIy change the 

amounts and forms of inorganic nitrogen present in the sample (Keeney and Nelson, 1982) 

and demand immediate quantification in natural field settings (Van Miegroet, 1995). In 

cornparison to laboratory extraction, field extraction of soi1 immediateiy after sampling 

(Keeney and Nelson, 1982) minimizes additionai microbial activity (Crouse et al., 1994) 



- 1 st thaw 

sample number 

Figure 18. Infiuence of repeated thawing on the concentration of NO3-N found in 
organic soil. Frozen soi1 was thawed, extracted and analyzed ( 1  st thaw), 
refiozen and then subsequently rethawed, extracted and analyzed (2nd 
thaw). Organic soils had signincantly lower N O r N  concentrations upon 
second thaw than at £kst thaw (Pc0.05). Pairs of extracts were compared 
using Wdcoxon's nonparametric signed-rank test. 



and probably provides the most accwate estimations of soil mineral nitrogen levels 

(Edmeades et ai., 1985; Ross and Bartletî, 1990; Wdworth, 1992; Esaia, 1994). Although 

precautions were taken to avoid wamiing of soil samples during transport, the 

miniInkation of handling, storage and transport time was impractical due to the large 

number of samples and the remote nature of the field site. Soil samples obtained during a 

collection day were carried in buckets from their respective field incubation locations to a 

cooler in the canoe, where they were stored on ice until the end of the day and then 

transferred to the field-site chest freezer. At the end of each two week field session, all 

samples then travelled 4 hours in coolers to the -20°C freezer at the University lab. 

It was expected that the soi1 samples experienced additionai warmuig during 

transport, which may have uinuenced microbial activity and hence extractable nitrogen 

levels. Soil microorganisms cm rernain active at low temperatures (Arp et al., 1980), and 

even ifprecautions are taken to muiimize warming, both the turnover of soi1 organic N to 

N&-N (Harding and Ross, 1964; Arp et al., 1980) and the oxidation of NI+N to NO3-N 

(Westfall et al., 1978; Arp et al., 1980; Edmeades et al., 1985; Ross and Bartiett, 1990; 

Van Miegroet, 1995) cm continue during short term storage at 4OC. In addition, fieezhg 

can alter the levels of extractable mineral nitrogen (Harding and Ross, 1964; Walworth, 

1992; Esaia, 1994), although it has been suggested as a reliable means of reducing mineral 

nitrogen production (Arp et al., 1980; Binkley and Hart, 1989; Ross and Bartlett, 1990). 

An experiment was conducted to examine these effects, as the majority of the soil 

samples collected had been fiozen prior to their extraction. In July, 1995 at 14 randomiy 

chosen across-ecotone bwied bag incubation sites, pre- and post-incubated minera1 and 



organic horizon soii samples were extracted a) in the field immediately &et collection 

('field'), b) at the field lab before placement in the chest freezer ('cooler'), and c) at the 

university Iab after transport and fieeziug ('&eez.er'). As wel, at 20 randomly chosen 

dong-ecotone buned bag incubation sites, pre- and post-incubated organic horizon soi1 

samples were extracted a) at the field Iab before placement in the chest fieezer ('cooler'), 

and b) at the university lab after transport and fieezing ('fieezer'). 

For 'field' extractions, a portable digital scale (Ohaus corporation, Florham Park, 

N. J.) was used at each bag incubation site, and a 20g subsample fiom the coiiected bag 

was added to a via1 containing 601111 of 2N KCL. Closed, Ued vials were then taken on ice 

to the on-site field lab where they and the 'cooler' samples were extracted according to 

the technique outlined in 'Laboratory Methods'. Extracts prepared at the field site were 

then fiozen and transported to the university Iab for ion analysis as described in 

'Laboratory Methods'. Low temperature storage has not been found to adversely affect 

the chemistry of extracts @Wey and Hart, 1989; Ross and Bartlett, 1990). 'Field' 

samples were in contact with the KCL extractant solution for a slightly longer period of 

tirne before they were filtered than were the 'cooIer' or 'freezer' samples, and this may 

have allowed additionai transformations ta occur in the soiI-extractant mixture of 'field' 

samples. However, transformations were just as Likely to be occumng in the other samples 

as they were in the 'field' sample-extractant solution mixture (Van Miegroet, 1995). As 

well, there is little evidence in the literature suggesting tbis to be an important factor 

hûuencing the amount of mineral nitrogen extracted (Van Miegroet, 1995), especidy 



since soil-extractaut mixtures were fltered weii within 24 hours (Keeney and Nelson, 

1982). 

Appreciable soil organism activity bas been observed at 4°C (Arp et al., 1980), and 

may lead to additionai minerai nitrogen accumulations between collection and andysis. 12 

hours of storage at 4OC on the day of collection did not, however, appear to influence the 

amount of m - N  exh-acted fiom organic or mineral soils, as no significant ciifferences in 

extractable NI%-N were found between samples that were extracted immediately after 

collection ('field') and those that were stored at 4°C and extracted within 12 hours of 

collection ('cooler') (Table 13, Figure 19a). Cooler samples were found to contain more 

NH4-N than field samples in organic soils, but perhaps the delay t h e  was not sufficiently 

long enough to result in significant levels of activity, ammonification and hence NT&-N 

accumulation. Esaia (1994) dso found no diierence between these two manipulations in 

the amount of NK-N extracted f?om minera1 soi1 samples. N W N  increases were 

reported in organic soil by Arp et al. (1 980) but only after several days of storage at 4"C, 

and also by Harding and Ross (1964) in minerai soil, aithough it was not indicated whether 

the differences they observed were significant. Conversely, Van Miegroet (1995) noted a 

decrease in W - N  in mineral soil when processing was delayed for 24 hours, but the 

changes observed were not consistent. 

12 hours of storage at 4OC on the day of collection was found to influence the 

amount of NO3-N extracted fiom organic and mineral soils. Extractions compteted on 

organic samples on the day of collection after 12 hours of storage 4°C ('cooler') led to 

significantly higher concentrations of NO+ than extractions completed on the same 



Table 13. Influence of handling, cooler and freezer storage on inorganic nitrogen 
concentrations found in mineral and organic soil. One member of each soi1 
sample triplet was extracted in the field immediately after collection (field), 
the second was kept cool and extracted within 12 hours of collection, and 
the third was transported and fiozen prior to extraction (freezer). 

Average Standard Error N 
Cornparison DifFerence 

TIME OF EXTRACTION 
NH4-N 
(&IOOP dry weight) 
Mineral soi1 field > cooler 

fieezer > field 
fieezer > cooler 

Organic soil cooler > field 
fieezer > field 
fieezer > cooler 

NO3-N 
(pR/100g drv weiaht) 
Mineral soi1 cooler > field 

fieezer > field 
fieezer > cooler 

low NEbN fieezer > cooler 
high N&N fieezer > cooler 

Organic soi1 cooler > field 
freezer > field 
fieezer > cooler 

low N W N  cooler > fieezer 
high Ni&-N fieezer > cooler 167.29** 67.49 3 2 

' ** indicates that the two groups in a cornparison were found to be significantly different 
(Pc0.05) using Wdcoxon's nonparametric signed-rank test. 
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Figure 19. Muence of handling, cooler and fieezer pre-treatment on a) m - N  
concentration found in organic soii and b) NO3-N concentration found in 
mineral soil. The 'fieezer' pre-treatment led to organic soi1 extracts with 
significantly higher concentrations of IVb-N (Px0.05) than either of the 
other two pre-treatments, and the 'field' pre-treatment led to mineral soi1 
extracts with significantly lower concentrations of Nos-N (WO.05) than 
either of the other two pre-treatments. Pairs of extracts were compared 
using Wilcoxon's rionparametric signed-rank test. 



samples in the field immediately following collection ('field') (2=2.52, P=0.0 12, N=28). 

As well, mineral 'cooler' samples contained significantly higher concentrations of NO3-N 

than 'field' samples (Z=2.45, P4.014, N=25; Figure 19b). The magnitude of the 

difference between 'cooler' and 'field' samples was approximately 100pg NOrN/lOOg 

dry weight for organic soils and 50pg NO3-NI100g dry weight for mineral soils. The 

si&cant NO3-N increase but lack of change in N&-N observed in both organic and 

minerai 'cooler' samples (Table 13) after 12 hours of storage at 4°C suggests that nitrifiers 

were simultaneously converting the N&N produced into NOrN, and causing significant 

N03-N accumulations. It fùrther suggests that cool storage must have stimulated 

additional production of N I - N  through arnmonification, because the N&-N pool did 

not significantly decrease despite significant N03-N increases. In fact, 54% of the orgaaic 

samples actuaily gained N?&-N, and 25% experienced a net NOrN increase (the amount 

of N03-N gained was greater than the Ni%,-N lost). Only 2 1% of the samples did not 

experience a net gain of either ion. In general, there were significantly more organic 

samples that expenenced a net gain (2=2.66, N=28, P=0.0116). Trends were similar for 

the mineral horizon, but not as significant (2=1.29, N=25, P=O. 17). 

Ross and Bartlett reported organic horizon increases of approximately 200pM of 

N03-N afler 24 hours of storage at 3°C. Arp et al. (1980) found 6Oppm NO3-N 

accumulations, but only after 100 days of storage at 4OC. Increases in minerai soils of 

approximately 0.2 CrM/L (Edmeades et al., 1985), 2ppm (Westf'  et al., 1978), 20pM 

(Ross and Bartlett, 1990)' and 500pg NO3-N/1 00g dry weight (Van Miegroet, 1995) 

were reported aller 24 firrurs of storage at 4°C. Esaia (1994) found no dserence between 



these two manipulations in the amount of NOrN extracted fiom minerai soil samples. Soil 

characteristics may influence the magnitude of the transformations that occur when 

processing is delayed (Arp et ai., 1980; Waiworth, 1992; Esala, 1994). Westfali et al. 

(1978) found h t  soils containing high residuai NO3-N (26ppm) ied to larger delay- 

induced changes in NO3-N concentration than soils containing Iow residuaI NO3-N 

(14pprn). This may explain why certain studies observed larger delay-induced 

accumulations. The largest delay-induced N03-N accumulation was noted by Van 

Miegroet (1 999, but the soiis analyzed in her study contained substantially higher levels 

of NO3-N (900pg/100g dry weight minerai soil) than those of the present study 

(400pg/100g dry weight). This rnay aiso be the reason that the magnitude of the daerence 

in N03-N between cooler and field samples was twice as large in organic as compared to 

mineral samples. Minerai soils contained much iower levels of Nos-N on average 

(400pg/100g dry weight) than organic soils (1 7OOpg/lOOg dry weight). 

The 'cooler' pre-treatment imposed waiting tirne at 4°C on soil samples. 'Freezer' 

samples were transported on ice to the field lab, initially fiozen at -7OC and then 

subsequently endured 4 hours of transport on ice before they were placed in the -20°C 

fieezer at the university. During this transport time, 'fieezer' samples rnay have thawed 

partially, and so the 'freezer' pre-treatment actually represents the combined effects of 

waiting time at 4"C, partial thawing, and one major fieeze-thaw event. The 'fieezer' pre- 

treatment afTected the amount of NI&-N extracted fiom organic soils (Table 13, Figure 

19a). Extractions completed on organic 'fieezer' soils led to significantly higher 

concentrations of NK-N than extractions completed on the same samples eirher in the 



field immediately following collection (field) (2=4.09, P<O.000 1, N=28) or on 'cooler' 

samples (2=5.33, P<0.000 1, N=65). Extractions completed on mineral 'freezer' soils also 

led to higher concentrations of Ni&-N than extractions completed on 'cooler' samples 

( 1 70 pg/ 1 OOg), although these merences were not as significant (P=0 -06, N=26, Table 

13). Storage for 12 hours at 4°C plus fieezing and thawing led to m - N  increases of 

approximately 3200pg1100g organic soil, while fCeezing and thawing aione led to MJ4-N 

increases of 28OOpg/ 100g organic soil. 

Freezing and thawing had more of an impact than a simple delay in processing on 

the amount of extractable m - N ,  especially in organic soils. This is because in both 

organic soil cornparisons involving 'freezer' samples, 'fieezer' NH&N was sigrilficantly 

greater, whereas the cooler/field cornparison, which focussed on the effect of a processing 

delay at 4OC. showed no significant differences in NI&-N content (Table 13). Binkley and 

Hart (1989) attribute this fieezing-induced increase to microbial cell lysis and the 

subsequent release of immobilized m - N .  Results from a study by Esala (1994) suggest 

that lysis and NFb-N release occurs prharily during the thawing process, as significant 

inorganic nitrogen increases were noted when the extracting solution was added to fiozen 

and thawed soils, but no significant increases were observed when the extracting solution 

was added to fiozen soii. 

NO3-N levels were also afFected by the 'fieezer' pre-treatment. Extractions 

completed on 'fieezer' samples led to signincantly higher concentrations of NO3-N than 

extractions completed on the same samples in the field tounediately following collection 

(field) for both organic (2=2.97, P=0.003, N=28; Figure 20, Table 13) and mineral soils 
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Figure 20. Muence of handling, cooler and fieezer pre-treatment on NO3-N 
concentration found in a) low W N  and b) high NI+N organic soi1 
samples. in low N W N  organic soils, the 'field' pre-treatment led to 
extracts with significantiy lower concentrations of Na-N (P<0.05) than 
either of the other two pre-treatments, and in high NI!&-N organic soils, 
the 'fieezer' pre-treatment led to extracts with significantly higher 
concentrations of N03-N than either of the other two pre-treatments. Pairs 
of extracts were compared using Wdcoxon's nonparametric signed-rank 
test. 



(Z=2.52, P=0.0 12, N=27; Figure 19b, Table 13). Whether ' freezer' organic samples 

contained significantly higher N03-N concentrations than 'cooler' samples depended on 

the Ievel of N&N in the sample. in organic soils containing high levels of Ni&-N (2700- 

8900pg/100g dry weight), extractions completed on 'cooler' samples contained 

significantly lower concentrations of N03-N than extractions completed on 'freezer' 

samples (2=2.3, P=0.028, N=32; Figure 20b, Table 13). This difference was not 

significant in organic soils containing lower levels (<2700pg/lOOg dry weight) of NT&-N 

(Figure 20% Table 13). Freezing and thawing had no effect on the mineral horizon, as 

'freezer' sample N03-N content was no diierent than 'cooler' sample NO3-N content 

(Figure 19b, Table 13). Storage for 12 hours at 4°C plus fieezing and thawing led to 

NO3-N increases of approximateiy 300pg/100g organic soil and 25pg/100g mineral soil. 

A delay in processing seemed to have more of an impact than fieezing and thawing on the 

amount of extractable N03-N. This is because in al1 organic and minerai soil cornparisons 

involving 'field' samples, 'field' N03-N was significantly less, whereas the fieezerlcooler 

cornparison, which focussed on the effect of fieezùig and thawing, was only significant in 

one specific case (Table 13). 

Esaia (1 994) evaluated both grinding and thawing as methods for processing 

fiozen soil samples, and found some interesting results. Freezing and thawing led to sIight 

increases in NH4-N and a doubling of NO3-N, whereas fieezing and grinding led to a 

doubling of NH4-N and only slight increases in N03-N. The large NO3-N and siight NE& 

N increases observed upon thawing were attributed to release of NI&-N fiom the 

microbial celis that were killed during fieezing and thawing, and subsequent nitrification of 



the majority of this NH,+-N by sutviving microbes during thawing, The large Ni+N 

increases found upoa g ~ â i i g  were assurned to be the resuit of cnishing of the microbial 

ceils and release of NE&-N directly to the extracthg solution. Since the thawing step was 

omitted, organisms were Likely inactive and unable to ni* the NI-b-N that was released, 

and consequently, only slight NO3-N increases occurred- These hdings do not seem to 

pardel those of the present study. Esala (1994) found slight increases in W - N  and a 

doubling of NO3-N after freezing and thawing, whereas the present study noted large 

increases in Ni+-N and smaiier increases in NO3-N, which were significant only when the 

initial IV&-N level was high. These inconsistencies may be due to a siïght difference in 

methodology. Prior to extraction, the soils in the study by Esala (1994) were slowly 

thawed overnight at 4"C, whereas soiis in the present study were thawed rapidly at room 

temperature for 3 hours. This extended thawing tirne may have allowed the s u ~ v i n g  

microbes to nitr@ most of the N G N  released through microbiai ceIl Iysis upon thawing. 

Microbial ceII lysis and N&N release following 6eePng and thawing seems to have 

occurred in the present study, but s u ~ v i n g  microbes may have had time to nitrie oniy a 

portion of this W - N .  Much less change in soi1 solution content was noted when samples 

were thawed for oniy 4 hours in a second study by Esala (1995). 

Soi1 characteristics can influence the direction (as opposed to the magnitude, 

previously discussed) of the transformations that occur when processing is delayed 

(Walworth, 1992; Van Miegroet, 1995). This may explain why in organic soii, significant 

NO3-N increases were noted afler fieezing and thawing only when the N&-N level of the 

sample was high (Figure 20, Table 13). Soils having more NH4-N have a higher overail 



potential for nitrification than soils with less NH&N. It is possible that release of NOrN 

through nitrification in the higher-bE&-N samples continued and to a greater extent than 

in the lower-NHrN samples, either during partial thawing or complete thawing events, 

leading to signi6icant merences between 'f?eezerY and 'cooler' samples. The NW-N level 

in mineral soii only ranged fkom 100-1400pg1100g dry weight, and was much lower than 

even the low range organic samples (600-2700pg/100g dry weight). The minerai horizon 

thus had a rnuch lower potential for nitrification, and this may be why in mineral soils, 

regardless of M t - N  level, 'freezer' NO3-N was never significantly difEerent fiom 'cooler' 

NO3-N (Figure 19b, Table 13). 

Arp et ai. (1980) observed slight organic horizon NH&N increases (gppm), and no 

sigmficant NO3-N increases upon fieezing. There were two important methodological 

diferences in this study which may explain the lower magnitude of the eeezing response 

they obtained. Uniike the study by Arp et ai. (1980), 'freezer' samples in the present study 

were exposed to partial thawing in addition to the single fieeze-thaw event, which may 

have led to additional nitrification. As weLl, samples in their study were not thawed prior 

to extraction but were added fiozen to the extracthg solution. Microbial ce11 lysis, release 

of M&-N and subsequent nitrification was therefore likely to be minimal in theu study, as 

this process primarily occurs during thawing (Esala, 1994). In minerai soil, Harding and 

Ross (1 964) noted fieezïng-induced Ni&-N and NO3-N accumulations of 3 and 4ppm 

respectively. Minerai horizon fieezer-induced W - N  increases found in the present study 

(1 70pg/1 OOg), were moderately significant (P=0.06). Harding and Ross (1 964) may have 

found higher freezer-induced accumulations iri mineral soil because on average, their soi1 



contained three times as much W N  as the minerai soii used in tfiis study (Westfall et 

ai., 1978; Arp et al., 1980; Esaia, 1994). As well, the time aiiowed for thawing was 

prolonged in their study, which may have aiiowed more tirne for microbid transformations 

to occur. Soils in their study were extracted &er they had reached room temperature, 

whereas soils in the present study were extracted once they were able to be manipulated. 

Significant minerai horizon N03-N Încreases and no change in NHcN due to fieezing 

were also found by Walworth (1492). These patterns are simiIar to the previously 

descnbed results found by Esala (1 994), and could also be attributed to the lengthy 

thawing period (2 days). A short thawing period following fieezing (2 hours) may not 

have been long enough to allow significant nitrification and NO3-N accumulation (Ross 

and Bartlett, 1990). NI&-N trends were not reported for this study. Crouse et ai. (1994) 

noted only siight fieezer-induced changes in minerai horizon m - N ,  yet the length of 

thawing time and the method used for processing the fiozen soils were not indicated. 

Cool storage, fieezing and thawing appeared not only to s u e n c e  transformations 

between the diierent forms of inorganic nitrogen and the relative contributions of NK-N 

and N03-N, but also to stimulate additional accumulation of these ions. Van Miegroet 

(1995) also noted additional production of inorganic N ions during cold storage. 

General Conclusions 

The changes observed in response to slight methodological difFerences emphasize 

that the specific sampling and analysis techniques used can greatly influence the results 

obtained. They also suggest that the sampiing and analyses methods used must be 

described in detail, and that compatisons of results to other studies may not be meaningtùl 



if difEerent rnethods are employed (Knoepp and Swank, 1995). Ammonifkation and 

nitrification rates obtained using buried bag incubations may not be entirely accurate in 

very wet organic horizon soil(130-350% moisture content), as pre-incubated soi1 samples 

were significantly drier than incubated samples. More accurate estimations are iikely to be 

obtained fiorn incubations of drier organic horizon soiis (430% moisture contents) and 

mineral horizon soiis, since pre- and post- incubated moisture contents did not 

significantly diier in these cases. 

Constant soi1 moisture content throughout the incubation period is a consquence 

of using the buried bag technique @no, 1960). The fact that over 20 day incubations, the 

moisture content of the bulk soil surrounding incubating bags was found to vary 

substantially implies that mineral nitrogen production rate estimates obtained fiom soil 

contained in polyethylene bags in the field may not be entirely representative of the 

processes occumng in bulk soil. Estimates derived fiom in situ field studies are 

nonetheless likely to do a better job than laboratory incubations, although some sort of 

containing apparatus is required in either case. 

Regardless ofwhether the mineral or the organic horizon was sarnpled, soil dried 

for one week weighed significantly less than samples dried for either 54 or 69 hours, 

whereas dry weights after 69 houn were not significantly dEerent fiom dry weights after 

54 hours. This suggests that the drying time used for soil moisture content determinations 

should be a) consistent for al1 samples dried, b) specilïed in the methodological 

description, c) considered when comparing the results to those of other studies. 

Refieezing and subsequent rethawing yielded soil extracts with significantly lower 



NO3-N concentration than extractions completed following initial t hawing . N&N 

concentration did not change. The reasons for this effect require more detailed study, and 

ifrepeated extractions are required, they should be noted as they may infiuence the results. 

Short-term (12 hour) cold storage did not appear to alter mineral or organic 

horizon m - N  levels, however nitrifiers may have dampened any significant increases to 

the m - N  pool through their activity. if accurate field estimates are required, especially 

of NOp-N, extractions should be completed as soon as possible after sarnple collection 

(Edmeades et al., 1985; Ross and Bartlett, 1990; Walworth, 1992; Esala, 1994), as cold 

storage for 12 hours resulted in significant accumulations of N O d  in both rnineral and 

organic soils. Freezïng is the most common method for stabiiiing soils during storage 

(Keeney and Nelson, 1982). It has been suggested as a reliable technique for rninimiung 

mineral nitrogen production (Arp et al., 1980; Binkley and Hart, 1989; Ross and Bartiett, 

1990), yet in this study and in others, fi-eezing appeared to exert a strong influence 

especially on organic soi1 m - N  levels, and indirectly on the quantity of NO3-N. The 

rnanner and length of time that soi1 samples are handled following their collection strongly 

influences the amount and type of rnineral nitrogen extracted from soi1 samples. The 

mechanisms controlling these conversions requires fiirther study, and their dynamic nature 

emphasizes the need for precise, standardized sampling methods if reliable nitrogen cycling 

descriptions are desired (Esala, 1994; Van Miegroet, 1995). 
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