
1 

 

Investigating species-specific nutrient 

limitation in northern hardwoods 

 

 

 

Shinjini Goswami 

Dissertation proposal 

April 29
th

 2013 

 

For consideration by the Graduate Committee: 

Dr. Melany Fisk (Advisor) 

Dr. Michael Vanni 

Dr. Tom Crist 

Dr. Dave Gorchov 

Dr. Hank Stevens  



2 

 

Overview  

Availability and recycling of nutrients constrain primary productivity in many ecosystems. 

Current ecosystem theories have evolved from an earlier paradigm of limitation of ecosystem 

productivity by a single nutrient to that of co-limitation by multiple nutrients. Nutrient co-

limitation is inferred when ecosystem productivity increases more in response to two nutrients 

added together than to either nutrient added alone. The increase in productivity can be 

attributed to responses at the biochemical level (cellular or organ level), at the level of 

allocation within a plant, or at the community level. For an ecosystem in which productivity is 

co-limited by N and P, community level co-limitation occurs when some species respond 

primarily to N and others to P.  

Here I propose several related studies to understand potential mechanisms by which nutrient 

co-limitation of forest productivity could operate at a community level, by studying nutrient 

responses at three levels of biological organization: organ (roots), whole plant (seedlings) and 

stand (mature trees). My approach integrates related ecological concepts that include: 1) 

synergistic response of ecosystem productivity to nitrogen and phosphorus additions (Elser et 

al., 2007; Harpole et al., 2011), 2) a new paradigm that attributes this synergistic response to 

biochemical- and community-level responses (Arrigo 2005), and 3) variable allocation 

mechanisms by plants to minimize limitation by any single resource that can vary at the 

ecosystem- or at the species-level (Chapin et al., 2002; Naples and Fisk, 2010). Ecosystem 

research has seldom integrated these concepts effectively to interpret patterns of plant 

productivity.  Research on nutrient-related physiological processes is mostly focused at the 

organ or cellular level; however nutrient controls on growth simultaneously operate at a 

hierarchy of biological organization. Therefore, nutrient related physiological responses should 

also be considered at whole plant and stand levels.  I will integrate these concepts to 

understand nutrient limitation in northern hardwood forest ecosystems, with a focus on three 

levels of organization at which species differ in their response to resources.  
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Background and Introduction 

Nutrient co-limitation 

Ecosystem theory has suggested that productivity is limited by a single nutrient, 

nitrogen (N) in temperate forests and phosphorus (P) in tropical forests (Vitousek 2004). The 

underlying concepts of single nutrient limitation were derived from Liebig’s Law of the 

Minimum (Liebig 1842), which states that plant growth is limited by the nutrient in shortest 

supply relative to plant demand. This idea was originally applied to maximizing agricultural 

production of individual crop plants; however the concept was extended to complex 

ecosystems like forests that are comprised of multiple species with a diversity of traits (Harpole 

et al., 2011). Experimental fertilization studies both in agricultural and natural systems have 

shown single- nutrient limitation of primary production but the majority of those studies 

manipulated only a single nutrient at any particular point in time (Menge et al., 2009). 

Recent recognition of synergistic interactions between limiting nutrients, in particular N 

and P, has highlighted the prevalence of nutrient co-limitation across terrestrial and aquatic 

ecosystems, and has raised many new questions about controls of ecosystem productivity 

(Elser et al., 2007). The possibility of nutrient co-limitation is consistent with resource 

optimization theories suggesting that plants can adjust their physiology and allocation patterns 

to minimize limitation by any single resource (Bloom et al., 1985; Chapin et al., 1987). Plants 

can allocate their energy and the nutrients that they have in abundance toward acquiring more 

limiting resources.  Over time this could create a condition in which plant growth is equally 

limited by multiple resources (Chapin et al., 1987, 2002). However, if all plant species could 

effectively optimize resource acquisition, we would expect the whole ecosystem to be perfectly 

co-limited. In contrast, if none of the species could optimize resource acquisition, we would 

expect extreme single-nutrient limitation (consistent with Leibig’s Law). And in a situation 

where some species can optimize while others cannot, aggregate productivity responses are 

likely to be co-limited.  
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Temperate forest ecosystems are under-represented in the co-limitation results 

summarized by Elser et al. (2007). What evidence there is from northern hardwood temperate 

forests does not clearly support limitation solely by N but instead suggests limitation by P or co-

limitation by N and P. Fahey et al. (1998) observed a reduction in foliar N:P ratios in young 

forest stands after 5 years of nutrient fertilization in multiple stands throughout the White 

Mountain region of New Hampshire (NH). This experimental result is consistent with the 

increase in foliar N:P over a period of 34 years at the Hubbard Brook Experimental Forest 

(HBEF), which suggests an increase in P limitation that could be associated with chronic 

atmospheric N deposition (Fig. 1). Fine root responses to nutrient additions suggested P 

limitation in young forests and N limitation in mature forests at the Bartlett Experimental Forest 

(BEF) in central NH (Naples and Fisk 2010; Fig. 2), and a meta-analysis of fertilization 

experiments in hardwood forests of northeastern USA and southeastern Canada found 

evidence of P limitation and NP co-limitation, in addition to N limitation (Vadeboncoeur, 2010). 

 

The concept of “co-limitation” lacks a strict definition (Harpole et al., 2011), but can be 

defined most simply as the condition in which ecosystem productivity increases more in 

response to two nutrients added together than to either nutrient added alone. Convincingly 

testing whether productivity in northern hardwood forests is co-limited by N and P requires a 

large-scale ecosystem study evaluating forest response to a full factorial NXP treatment. The 

available evidence suggests that we should find co-limitation (Elser et al., 2007; Vadeboncoeur 
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2010; Rastetter et al., 2013); if we do, then we can contribute to developing co-limitation 

theory by elucidating mechanisms that contribute to the additive or synergistic responses to N 

and P.   If we do not find evidence of co-limitation, we can contribute to developing co-

limitation theory by learning about the nutrient-use mechanisms that mediate single-nutrient 

limitation or correspond with a lack of apparent nutrient limitation in the northern hardwood 

forest ecosystem.  Examining the mechanisms underlying co-limitation will also be necessary 

for predicting the implications for vegetation dynamics during times of anthropogenic change. 

 

Ecosystem co-limitation by N and P could arise from different underlying mechanisms 

(Harpole et al., 2011; illustrated in Fig. 3). Biochemical or process level co-limitation occurs 

when two mutually exclusive elemental nutrients co-limit cellular growth by substituting each 

other for a certain biochemical function or the same biochemical function is regulated by 

different enzymes utilizing the two different nutrients (Saito et al., 2008). Co-limitation can also 
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occur at a level of allocation if there is a tradeoff in allocating resources to acquire N vs. P; for 

example, limitation by N is likely to constrain the ability of plants to allocate more resources 

towards belowground structures (like deep roots and mycorrhizae) to acquire P. Furthermore, 

at the community level, differential species responses to N vs. P could contribute to co-

limitation. The species that make up the communities tend to differ in their adaptations to 

environmental gradients (Chapin and Shaver, 1985), which could potentially include the most 

limiting nutrients (Harpole et al., 2011). Thus, traditional theories of single nutrient limitations 

of different species can also translate into co-limitation by differential species response to 

nutrients. However, nutrient co-limitation could also occur when multiple species in a 

community are either limited by the same nutrient with identical underlying biochemical co-

limitation (Hutchinson 1961; Hubbell 2001; Harpole et al., 2011), or show increased growth 

responses to both nutrients added together. Moreover, plants can vary their allocation effort 

for multiple resource acquisition to efficiently balance their needs in species-specific resource 

limited environments (Chapin et al., 2002). Therefore, community level co-limitation can stem 

from a set of interactive mechanisms ranging from those that cause individual members to be 

limited by only a single nutrient, to others that lead to an assemblage of multi-nutrient co-

limited species (Arrigo 2005). Distinguishing among these multiple pathways will help us 

understand community dynamics, nutrient availability and recycling, and subsequent controls 

on ecosystem productivity. 

Study system 

Edaphically similar sites in north eastern US, have been chosen by the “Multiple Element 

Limitation in Northern Hardwood Ecosystems” project (MELNHE), which aims to combine 

modeling and field studies to explore processes mediating nutrient co-limitation by N and P, in 

relation to successional change in typically managed hardwood forest systems. MELNHE is a 

long-term collaborative project with the general goal of examining nutrient co-limitation in a 

northern hardwood forest ecosystem.  It brings together a team of ecosystem scientists 

studying different aspects including ecosystem modelling, forest structure, forest soils, root and 

litter dynamics, microbial activity, geochemistry and mineral weathering. Our research team at 
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Miami University focuses on soil nutrient dynamics, soil microbial work and plant-soil interface 

(above- and belowground) research.  

The MELNHE project will measure ecosystem productivity following N, P, and N+P 

additions (fertilization initiated in summer 2011).  In this project we will also examine variable 

allocation of ecosystem effort toward acquisition of P vs. N. In this dissertation I argue that it is 

necessary to judge plant responses to nutrient availability not only at an ecosystem scale, but 

also at the scale of individual species and my proposed research aims to take advantage of the 

long term fertilization project (MELNHE) to test community-level nutrient co-limitation by 

comparing productivity responses by individual tree species. 

Understanding the dynamics of nutrient co-limitation is especially important as 

increasing anthropogenic inputs alter nutrient conditions globally. Forest ecosystems in the 

north-eastern US have been exposed to long term anthropogenic N deposition, which has 

altered  soil properties and nutrient cycling processes (Fenn et al., 1998; Aber et al., 2003).  This 

could cause N-saturation induced secondary limitation of productivity by P (Mohren et al., 

1986; Aber et al., 1989; Stevens et al., 1993). Simultaneously, acid deposition has accelerated 

leaching loss of base cations (Likens et al., 1996, 1998, Lawrence et al., 1999, Bailey et al., 

1996), promoting soil acidification and possibly reducing P availability (Fiorentino et al., 2003). 

Furthermore, Ca limitation of sugar maple regeneration and mycorrhizal colonization in these 

forests indicates the direct link between species composition and nutrient status of soil (Driscoll 

et al., 2001; Juice et al., 2006). Decreased allocation to fine roots and mycorrhizal colonization 

can further reduce P uptake by forest trees (Naples and Fisk, 2010). All of these processes 

operating gradually over the course of succession can deplete the nutrient capital of these 

forest systems and can shift species composition (Vitousek and Reiners, 1975; Bormann and 

Likens, 1979). Moreover, plant responses to nutrient availability are important in managed 

forests that experience differential nutrient removal associated with biomass harvest and 

hydrologic nutrient exports following disturbance and are thus likely to be sensitive to 

biogeochemical changes (Federer et al., 1989). Hence, it is important to study nutrient 

dynamics at different stages of succession in a managed forest landscape comprised of multiple 
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ages.  For example, the “Multiple Element Limitation” (MEL) model predicts oscillations 

between N and P limitation as forests recover from harvest, until recycling of N and P become 

stoichiometrically balanced and ecosystem productivity becomes co-limited (Rastetter et al., 

2013). Model results predict that young forests are limited by P and over time as the ecosystem 

develop the limitation shifts to N (Rastetter et al., 2013).  Therefore, I plan to study mechanisms 

of community-level nutrient co-limitation over successional time in northern hardwood forests 

of central NH as part of the broader MELNHE project. 

Species traits can influence ecosystem productivity by altering availability or use of 

limiting nutrients (Chapin and Shaver, 1985; Chapin et al., 1986, 1987), thereby influencing our 

interpretations of nutrient limitation of productivity. Tree species can modify their local 

environment because they vary in their life history and physiological traits, such as shade 

tolerance, nutrient acquisition from soil, nutrient-use and conservation, canopy interception 

and growth (Augusto et al., 2002; Reich et al., 2005; Lang and Polle, 2011). Northern hardwood 

forests are a multi-species system (dominated by beech/birch/maple) where species are 

segregated along axes of soil nutrient availability, sugar maple occurring more on high Ca, high 

N soils, while American beech occurs more on lower ends of Ca and N gradients (Finzi et al., 

1998a, b; Schwarz et al., 2003; Bigelow and Canham, 2007). As the forest develops, different 

species inhabit specific successional niches (Pacala and Rees, 1998) and there is evidence of 

trade-offs between traits like species ability to persist in low resource environments (for 

example, shade tolerance) vs. species ability to exploit temporary pulses of resource rich 

conditions (for example, disturbance generated high light conditions utilized efficiently by fast 

growth; Grime 1977, 1979; Muscarella et al., 2013).  The three dominant species in the mature 

forests (beech, yellow birch and sugar maple) differ in life history traits (Table 1). Less shade 

tolerant species tend to have higher N concentration in their fresh foliage and often have lower 

resorption and nutrient-use efficiency (Aber and Mellilo, 2001; Bormann and Likens, 1979; 

Marks 1974; Mellilo et al., 1982; Likens and Bormann, 1970; USDA 1974). Furthermore, 

experimental observations in Adirondack Park, NY, showed less shade tolerant species like 

yellow birch having larger increases in foliar N than more shade tolerant species like beech 

along the N deposition gradient, possibly attributed to a greater photosynthetic gain per unit N 
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invested by yellow birch (McNeil et al., 2007). In contrast, sugar maple responsiveness to N in 

northern hardwood forests varies depending on the availability of other nutrients like Ca, on 

light availability, and also on the stage of tree development (Duchesne et al., 2002; Finzi and 

Canham, 2000; St.Clair et al., 2008). Therefore, we can ask whether species that differ in their 

life history traits and nutrient use respond differentially to the addition of N, P and N+P 

influencing ecosystem-level productivity responses to nutrient additions. 

 

Study sites and experimental design of MELNHE 

 MELNHE has established 13 experimental northern hardwood forest stands (replicated 

stands of three ages) in central NH, in the Bartlett Experimental Forest (BEF; stands C1 through 

C9), the Hubbard Brook Experimental Forest (HBEF; stands HBM and HBO) and in the White 

Mountain National Forest near Jeffers Brook (JB; stands JBM and JBO). Forest composition is 

typical of northern hardwoods (Fig. 4), mature forests having an overstory dominated by sugar 

maple (Acer Saccharum Marsh.), American beech (Fagus grandifolia Ehrh.) and yellow birch 

(Betula Alleghniensis Britton), with occasional presence of white ash (Fraxinus Americana L.), 

white birch (Betula papyrifera Marsh.) and red maple (Acer rubrum L.). Mid-age forests are 

generally dominated by white birch, yellow birch, American beech, followed by pin cherry 

(Prunus pensylvanica L.f.), red maple and aspen (Populus grandidentata Michx.). Pin cherry, 

white birch and red maple dominate the young forests. Soils are spodosols (typic and aquic 

Haplorthods) that developed on granite and gneiss derived glacial tills. 

 At BEF, we are studying 9 forest stands, three each of mature (>100 years; stands C7 

through C9), mid-age (30-35 years; stands C4 through C6) and young (15-20 years; stands C1 

through C3). At HBEF and JB, we are studying two mature (stands HBO and JBO) and two mid-

age stands (HBM and JBM). Forest age is determined as time since clear cut. Stand elevations 
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range from 250-400 m. All stands have four 50X50 m plots, where control, N, P and N+P 

fertilizer treatments have been randomly assigned.  Fertilizer is applied to the entire 50 X 50 m 

plot; measurements are made in the inner 30 X 30 m area (Fig. 5 shows an example forest 

stand). Six out of 13 stands have an additional Ca-treated plot (C1, C6, C8, HBCa, JBM and JBO). 

 

 

Nutrient additions began in May 2011.  N 

is added at a rate of 30 kg/ha/year as 

NH4NO3, P is added at a rate of 10 

kg/ha/year as NaH2PO4. Nitrogen and P 

amendments are applied twice during the 

growing season (late May and early July) 

and fertilizer is spread by hand evenly over 

2.5X10 m sub-plots.  Ca was added one 

time in the form of wollastonite mineral 

(CaSiO3; 1150 kg/ha). 
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I propose to take advantage of the MELNHE study sites and nutrient manipulations to 

address my general questions of mechanisms of community-level nutrient co-limitation of 

northern hardwoods by N and P. I will examine the possibility of community-level co-

limitation by linking research at three levels of biological organization: organ (roots), whole 

plant (seedlings) and stand (mature trees) (Fig. 6; individually discussed in the following three 

chapters). 

Chapter 1: Species-specific fine root responses to nutrient additions (organ level) 

Chapter 2: Species-specific seedling growth, survivorship and allocation responses to 

nutrient additions (whole plant level) 

Chapter 3: Species-specific nutrient limitation of productivity in mature trees (stand 

level) 
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Chapter 1 

Species-specific fine root responses to nutrient additions 

Introduction 

The role of fine roots in understanding nutrient limitation 

Fine root proliferation in response to nutrients can indicate nutrient limitation in forest 

ecosystems (Gleeson and Good, 2003). Fine roots are extremely important in nutrient 

acquisition for trees and their growth and physiology can be highly plastic (Pregitzer et al., 

2002; Meinen et al., 2009). This plasticity can cause proliferation in response to patches of 

limiting nutrients, which we call “foraging” (Fitter, 1994). Foraging by roots has a significant C 

cost, but can be of benefit if it improves acquisition of the nutrient that most limits growth 

(Chapin et al., 1986; Naples and Fisk, 2010). Experimental evidence has directly linked such 

foraging responses to the nutrient that limits aboveground net primary productivity in forest 

systems (Raich et al., 1994; Gleeson and Good, 2003). 

Available evidence suggests that fine root foraging is a species-specific trait. Fine roots 

proliferate in the presence of nutrients, and the extent of foraging can differ among species 

(Caldwell 1994; Robinson 1994). Furthermore, species can differ in their strategies of fine root 

foraging (Rajaniemi and Reynolds, 2004). In some instances, fine roots of different species have 

been found to detect the presence of neighboring roots in addition to sensing small-scale 

variation in resource availability (Mahall et al., 1991; Gersani et al., 2001; Falik et al., 2003; 

Hodge 2009; Chen et al., 2012). The difference in fine root foraging by species in response to 

nutrients, and the ability of fine roots to variably allocate resources, further justifies the need to 

study fine root responses at a species scale, which would contribute significantly in 

understanding ecosystem-level nutrient responses in a mixed species ecosystem. 

However, it is not clear whether foraging is genetically constrained or it is a plastic trait 

in different species (Naples and Fisk, 2010). Root proliferation in response to a nutrient can 

indicate that productivity is limited by that nutrient (Gleeson and Good, 2003; Fig. 7). 

Nevertheless, preferential root foraging could also provide a possible mechanism to improve 
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acquisition of a particular nutrient that is in high demand, but not necessarily limiting to 

productivity, if the effort to acquire that certain nutrient provides it in sufficient supply. To 

understand this difference requires measuring productivity in response to that particular 

nutrient, which I will do in Chapter 3. Learning whether species-specific nutrient foraging 

patterns exist will improve our understanding of competitive interactions among northern 

hardwood species regardless of whether they correspond to nutrient limitation to productivity. 

Whereas, if fine roots respond to 

the same nutrients that are found 

to limit productivity, then this will 

contribute to interpreting 

whether species-specific fine root 

foraging is genetically 

constrained or is a plastic trait. 

 Studies that examined the 

physiological response of sugar 

maple to Ca (Juice et al., 2006) 

and recent observations on foliar 

chemistry of beech and birch 

(Goswami, unpublished), suggest species-specific nutrient requirements in northern hardwood 

ecosystems. I will address the general question of whether fine root foraging indicates 

demand for different nutrients among species, potentially contributing to community-level 

co-limitation in northern hardwood forests by testing the hypothesis that roots of beech, 

birch and sugar maple preferentially forage for  P, N and Ca respectively. 

Proposed methodology 

Root foraging responses will be tested by comparing root proliferation in fertilized and 

unfertilized cores of root-free soil (ingrowth cores). I established 60 ingrowth cores (5 cm 

diameter, 10 cm depth) in each of three mid-age forest stands. I chose to work in mid-age (30-

35 years) rather than mature or young stands because mid-age stands have higher diversity and 
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tend to have the most even representation by common species, dominated by yellow birch, 

white birch and beech, followed by pin cherry, red maple and aspen (indicated below in the 

“current and predicted results”; Fig. 9). To minimize bias in the ingrowth core assay associated 

with uneven relative abundance, I used inventory data to select plots with the most evenness in 

composition; these were in stands C5, C6 and HBM. Cores were arranged in groups of 5 each 

and placed where tree species composition was evenly mixed.  One core of each group received 

one of the treatments (+N, +P, +water, +Ca and Control). Nutrients were added as solutions 

four times a year. +N cores received 40 g/m
2
/year of N as NH4NO3, +P cores received 20 

g/m
2
/year of P as NaH2PO4 and +Ca cores received 10 g/m

2
/year of Ca as CaCl2.2H2O; these 

quantities were intended to increase the annual availability of N by approximately three times, 

of P by approximately greater than three times (to account for weathering of mineral P, and 

fixation of available P) and Ca by 

approximately three times.
 

I 

distributed cores in a nested 

design of groups within subplots 

in order to minimize effects of 

heterogeneity of root 

distributions (Fig. 8). Cores were 

incubated for two growing 

seasons to allow maximum root 

colonization with minimal 

turnover.  C5 cores were 

deployed in May 2011 and were 

harvested in October 2012; C6 

and HB cores were deployed in 

April 2012 and will be harvested 

in October 2013. 

  Cores were harvested by 

re-coring (4.5 cm diameter, 7 cm depth; following Fahey and Hughes, 1994). Fine roots were 
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hand sorted, cleaned, and visually identified into distinct morphological categories depending 

on differences in root architecture and branching and presence of different root mycorrhizal 

tips (based on existing literature on root morphologies of northern hardwood forest tree 

species and Yanai et al., 2008). Fine root length was quantified using a line-intersect method 

(Tennet 1975) and roots were frozen for later molecular identification of fine roots. DNA will be 

extracted from representative root fragments of each morphological category using the MoBio 

Powerplant DNA isolation kit. The plastid trnL intron will be amplified by PCR using primers C 

and D (Taberlet et al., 1991), a primer set that has successfully distinguished a wide variety of 

tree species (Brunner et al., 2001). The amplification reaction will be performed following 

Brunner et al., (2001), and the species identity of individual root fragments will be confirmed by 

sequencing. Sequences will be identified to species by BLAST match (Altschul et al., 1997) to the 

GenBank nonredundant database. The results will be reported as the proportion of total 

sequences in samples contributed by each species.  Ectomycorrhizal (EM) fungi associated with 

the different morphological categories of fine roots will be identified by extracting DNA from 

representative root tips using the MoBio technique as described earlier, using fungal rRNA gene 

primers ITS1F and ITS4 (Gardes and Bruns, 1993). Metrics like fine root length, biomass and 

mycorrhizal colonization will be measured as indicators of root foraging by species. Increased 

root proliferation by different species in response to different nutrients would support my 

hypothesis, suggesting species-specific nutrient limitation of productivity. 

 

Current and predicted results 

 Tree species composition in mid-age forest stands C5, C6 and HBM, was uniformly 

dominated by white birch, yellow birch and beech, followed by pin cherry, red maple and aspen 

(Fig. 9). 
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Fine root length data have been analyzed for 15 of a total of 60 cores in stand C5.  This subset 

of the data shows that fine root length colonizing ingrowth cores differed among morphological 

categories (Fig. 10). Furthermore, root foraging response to nutrients differed among 
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morphological categories, with category 4 responding more to Ca and P, and category 10 

responding more to N (data from all cores are not processed yet; Fig. 11), indicating a possible 

difference between species in nutrient responses. 

  

Root tips differed among root morphological categories (Fig. 12), suggesting that morphological 

categories are colonized by different types of EM fungi. 
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These patterns indicate differential nutrient responses and need further confirmation by 

completing root length analyses and by identifying tree roots to species using molecular 

methods. Differentiating roots based on EM and arbuscular mycorrhizal (AM) colonization can 

further assist in estimating differences in species nutrient responses, since beech and yellow 

birch predominantly favors EM colonization, while sugar maple and pin cherry are likely to 

favor AM colonization.  
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Chapter 2 

Species-specific seedling growth, survivorship and allocation responses to nutrient additions 

Introduction 

The role of seedlings in understanding nutrient limitation 

Understanding nutrient controls on seedling growth and survivorship is essential to 

interpret species-specific nutrient limitation. Although not necessarily representative of mature 

trees, seedlings are useful from several perspectives. First, they are likely to respond to nutrient 

fertilization more rapidly than mature trees. Second, it is possible to study whole-plant 

allocation patterns in seedlings. Finally, survivorship of seedlings in the forest understory can 

indicate future regeneration potential, especially for those shade-tolerant species that require 

advance regeneration to utilize gaps that arise over time (Aber and Mellilo, 2001; Marks 1974; 

Mellilo et al., 1982). Allocation to roots vs. shoots is a key means by which plants respond to the 

relative demand for above- vs belowground resources, in order to maximize acquisition of the 

most limiting resource (Chapin et al., 1986, 1987; Grime, 1994); and allocation patterns can 

vary by species (Ehrenfeld 2001). Ecophysiological studies have suggested that variable 

allocation can contribute to interpreting nutrient limitation in northern hardwood forest 

ecosystems (Fahey et al., 1998). Less shade tolerant species like pin cherry can only persist if its 

leaves are in the top of the canopy; high nutrient conditions are required for this, presumably 

because allocation can be shifted aboveground. In contrast, shade tolerant species like beech 

and sugar maple are flexible in preferentially allocating to above- and belowground growth. 

Alleviating belowground resource limitations tend to reduce plant root: shoot ratio (Harris, 

1992). Therefore, we can expect root: shoot ratio to respond to limiting nutrients and also to 

water.  

Fertilization in the MELNHE stands began in summer 2011, which coincided with the 

masting of beech, birch and sugar maple in some of the mid age and mature stands; this 

provided an opportunity to study species-specific traits by which seedlings of different species 

utilize nutrients and to test effects on growth and survivorship. Therefore, I propose to 
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examine species-specific nutrient requirements by testing the following hypotheses, a) A 

species will reduce its root: shoot ratio in response to its limiting nutrient, b) Lower root: 

shoot ratios correspond to higher aboveground growth, and c) survivorship of a species 

increases in response to its limiting nutrient. 

 

Proposed methodology 

Studying survivorship in response to nutrients 

I will study nutrient effects on seedling survivorship in 10 MELNHE forest stands (it was 

impractical to conduct seedling inventory in all the stands, so we omitted stands C3, C5 and C7): 

C1 and C2 (young); C4, C6, HBM and JBM (mid aged); C8, C9, HBO, and JBO (mature). Each 

stand has four 50 X 50 m plots that have received fertilizer treatments beginning summer 2011. 

In each plot, 10 1 X 1 m seedling subplots were established in summer 2012 (Fig. 13). All 

seedlings (<50 cm in height) in these subplots were identified to species and surveyed in May 

and August 2012. Seedlings will be re-surveyed in May 2013 and again in August 2013 to test 

effects of nutrients on survivorship. I plan to mark surviving seedlings in May 2013 to follow up 

on the survivorship patterns over successive years. Additionally, I quantified soil moisture in 
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each of the seedling subplots to understand whether small scale soil moisture variability could 

affect survivorship of different species. 

Studying variable allocation patterns in response to nutrients 

In July 2012 I collected seedlings of two dominant northern hardwood species, American 

beech and sugar maple, from the vicinity of each seedling subplot of three mature MELNHE 

forest stands (C8, C9 and HBO), to study mechanisms of variable allocation effort in different 

species in response to nutrient availability. Two seedlings of each species were randomly 

selected and destructively harvested from the nearby 50 cm (at all directions) of each seedling 

subplot. Pairing the harvested seedlings with the seedling subplots allows me to relate seedling 

survivorship of beech and sugar maple (quantified in the subplot) with the allocation efforts 

measured, and also to investigate whether soil moisture affects seedling allocation patterns. 

Seedlings were carefully extracted with root systems intact, following sampling methods 

presented in Juice et al., (2006). Seedlings were transported to the laboratory in plastic bags 

and processed the same day as collected. Approximately 20-24 seedlings per species were 

collected from each of the nutrient treated plots. Seedlings will be harvested again to test 

nutrient limitation of seedling growth. 

Images of all seedlings of both species were taken using a flatbed scanner in the 

laboratory. These images will be used for quantifying root and shoot lengths and leaf area of 

each seedling.  All seedlings were divided in to root and shoot tissues. Root and shoot biomass 

were quantified for half of the seedlings per species, by drying to constant mass at 60˚ C and 

weighing. The remaining root tissues were gently washed with tap water and preserved in 60% 

ethanol for mycorrhizal analysis. The remaining shoot tissues were weighed fresh, oven dried to 

constant mass at 60˚ C, and reweighed. Root: shoot ratios were calculated on a mass basis. 

Seedling leaf area will be quantified from scanned images using ImageJ software. Seedling root 

length will be estimated from scanned images using a line intercept method (Tennet 1975). 

Specific Root Length (SRL) and Specific Leaf Area (SLA) will be calculated by dividing these 

parameters by mass. Dried and preserved tissues will be analyzed for foliar and root chemistry 

to calculate root: shoot and whole plant N, P and Ca. I used pre-treatment soil N and P 
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availability to explore nutrient effects on seedling growth. Pre-treatment soil samples 

separated by horizons (Oe, Oa; organic horizons and B; mineral horizon) were collected in June 

2009 and net N mineralization was measured by 21 day lab incubations and resin available P 

was measured by incubating resin bags in the Oa horizon for one growing season. I also used 

pre-treatment soil moisture data from 2009 (quantified from the soil samples described above) 

and soil moisture quantified in seedling subplots in summer 2012 to examine potential effects 

of soil moisture on seedling growth. 

 

Current and predicted results 

Seedling survivorship, growth and nutrient limitation 

A nutrient will be identified as limiting if it promotes seedling growth (mass) relative to 

controls. Survivorship, the next relevant index, is of significant importance for conservative 

species like beech and sugar maple that need to survive and regenerate, filling in the gaps over 

the course of forest development. Growth and survivorship of seedlings in our experimental 

plots will address the question of whether species-specific nutrient requirements are a 

potential mechanism for community level nutrient co-limitation. 

Addition of N and N+P decreased survivorship of all three species, whereas P alone had 

no effect (Fig. 14). I did not find any evidence of nutrient effects on seedling survivorship. 

Survivorship will be quantified again after two growing seasons (in August 2013) to test nutrient 

effects. 

 There was no evidence of nutrient limitation of seedling growth. However, whole 

seedling biomass of both species (beech and sugar maple) after one growing season showed a 

negative trend with pre-treatment P availability consistently across Oe, Oa and B soil horizons 

and sugar maple seedling biomass was significantly related with Oa horizon pre-treatment soil P 

availability (R
2
= 0.47, p= 0.01; Fig. 15). I will test limitation again by measuring seedling biomass 

in 2013.  
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Exploring allocation patterns in response to different nutrients 

Root: shoot ratios of both beech and sugar maple were not affected by fertilizer 

treatments. I will assess treatment effects again in 2013. 

Soil moisture appeared to have a positive influence on seedling root: shoot ratios. 

Average root: shoot ratios for beech and sugar maple showed an increasing trend with pre-

treatment soil moisture consistently across Oe, Oa and B soil horizons (Fig. 16; Sugar maple 

root: shoot significantly related to Oa and B horizons, R
2 

= 0.42 and 0.41, p= 0.01 and 0.02, 

respectively;). This pattern was also found for post-treatment soil moisture measured in the top 

10 cm by a LICOR in August, 2012. The relation between sugar maple root: shoot and soil 

moisture was stronger (R
2
 = 0.44, p= 0.01) than that of beech and soil moisture (Fig. 17). These 

results indicate an influence of soil moisture on allocation patterns in beech and sugar maple. 
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There was no evidence of nutrient limitation on seedling growth and survivorship. I will 

measure growth and survivorship of seedlings again in 2013 to test nutrient limitation. I will 

explore different patterns of variable allocation efforts by species (metrics like root and shoot 

allocation, SRL, percent mycorrhizal colonization, allocation to photosynthetic tissue in relation 
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to mycorrhizal colonization etc.) 

to understand whether allocation 

is related to growth and 

survivorship.  
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 Chapter 3 

Species-specific nutrient limitation of productivity in mature trees 

Introduction 

Nutrient co-limitation and community level co-limitation 

It is required to test whole-ecosystem level co-limitation before community level co-

limitation can be interpreted. I will test ecosystem level co-limitation by measuring whole plot 

productivity response (of all tree species) to the nutrient treatment. Referring back to the 

conceptual model (Fig. 3), nutrient co-limitation occurs when whole-plot productivity response 

to N+P addition exceeds the response to N and to P added alone. If co-limitation is supported at 

the ecosystem level, then I can infer a community level co-limitation if productivity by 

individual species is limited by different nutrients. Alternatively, individual species might show 

N and P co-limitation. Nevertheless, even in absence of a support for ecosystem level co-

limitation, studying species-specific nutrient requirements is important for understanding 

community dynamics across environmental gradients. Moreover, species-specific traits could 

aid interpretation of successional changes in nutrient limitation or nutrient cycling. Conversely, 

a lack of species differentiation in nutrient use traits would suggest that the northern hardwood 

community should be fairly stable across fertility gradients or in response to nutrient 

enrichment. 

The objective of this proposed investigation is to test nutrient co-limitation at whole-

ecosystem and at community levels. I hypothesize that northern hardwood forest 

productivity is co-limited by the availability of N and P, and that productivity of beech will 

respond to P, yellow birch to N and sugar maple to Ca. I will also test productivity responses 

by other early successional tree species to different nutrients. 
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Proposed methodology 

I will study all the 13 MELNHE forest stands in NH for this investigation; all stands having 

four 50 X 50 m plots are receiving fertilizer treatments (N, P, N+P and control) beginning in May 

2011. 

Pre-treatment data 

Prior to treatment, forest composition was inventoried in all stands in 2004 and 2011.  

These inventories provide baseline values for future calculations of aboveground productivity. 

DBH and species were recorded for all overstory trees >=10.0 cm DBH and DBH and species 

were recorded for trees 2.0 to 9.9 cm DBH in five 5 X 5 m subplots in each plot. 

Growth efficiency is measured as productivity per unit leaf mass. I used the change in 

basal area (BA) per year per plot (as an index of productivity) and litterfall mass (or foliar mass) 

to estimate growth efficiency for each of the three dominant tree species: American beech, 

sugar maple and yellow birch. Litterfall was collected four times a year in five litter baskets per 

plot. Leaf litter was sorted by species, dried and weighed. To interpret trends in productivity, I 

compared growth efficiency to foliar chemistry. Litter for foliar chemistry was collected using a 

shotgun or pole pruners. Leaf tissue samples were analyzed for P using ICP-OES (Perkin-Elmer 

Optima 5000) at SUNY ESF. N was analyzed by dry combustion (modified Dumas Combustion 

analyzer) at Cornell University. To further explore productivity trends, I compared pre-

treatment soil N and P availability (described under Chapter 2 methods) with growth efficiency 

of tree species. I explored the pre-treatment patterns by comparing productivity, foliar and soil 

N and P data available from three forest stands (stand choice was restricted to three because of 

unavailability of foliar data elsewhere): one mid aged (C6; ~35 years old), and two mature (C8 

and C9; >100 years old). Species compositions of these stands are indicated below in “current 

and predicted results” (Fig. 18). 

Post-treatment data 

To test productivity response to nutrient treatments, all stands will be re-inventoried in 

2014.  The change in BA per year per plot will be used as one index to estimate productivity and 
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species-specific allometric equations developed and validated in our forest stands (Whittaker et 

al., 1974; Siccama et al., 1994; Hamburg et al., 1997; Fahey et al., 1998; Arthur et al., 2001; 

Fatemi 2007) will be used to estimate change in total biomass in all plots. Litterfall collection 

and foliar chemistry will be continued in these stands in a similar manner as described earlier 

and growth efficiency calculations will be repeated. 

In 2012, post-treatment soil N and P availability was detected by using anion exchange 

resin strips (Ionics AR-204-SZRA; Maltz Sales) to quantify available PO4
-
 and NO3

-
, and cation 

exchange resin strips (Ionics CR67-HMR; Maltz Sales) to quantify available NH4
+
 in soils.  Resin 

strips (2 x 6 cm) were prepared by rinsing in weak HCl and DI H2O and then soaking in 1M NaCl 

(cation strips and anion strips for NO3
-
 ) or alternating rinses in DI H2O and 0.5M NaHCO3 (anion 

strips for PO4
-
 ). All strips were rinsed with DI H2O immediately prior to placement in the field. 

We deployed resin strips in the Oa horizon by inserting them under the blade of a knife used to 

cut the surface organic horizon at a 30 - 45˚ angle.   Eight strips per plot were deployed for each 

nutrient.  Strips were retrieved after 14 days and rinsed in deionized H2O prior to extraction for 

nutrient analyses.  Anion exchange resins were extracted by shaking rinsed strips in 30mL of 1M 

KCl for NO3
-
 and 30mL of 0.5M HCl for PO4

-
 for 1 hour each.  Cation strips were extracted by 

shaking rinsed strips in 30 mL of 1M KCl for 1 hour.  We used a phenolate-hypochlorite method 

to quantify NH4
+
 (method 351.2, US EPA 1983) and a cadmium reduction method to quantify 

NO3
-
 (method 353.2, US EPA 1983) in extracts. Extract P concentration was analyzed by the 

ammonium-molybdate-ascorbic acid method (Murphy and Riley, 1962). In addition to resin 

strips, we collected soil samples (separated by horizons) in July 2012, and measured net N 

mineralization by 21 day lab incubations.  I will repeat these measurements in 2014 to 

document changes in soil nutrient availability with treatments. 
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Current and predicted results 

  

I will test nutrient limitation by comparing productivity response of our treatment plots 

relative to the controls. The productivity data will be summed up at the ecosystem level (by 

adding productivity response of all tree species to the added nutrient), and then successively 

broken down into constituent species and analyzed at the species level. 

Pre-treatment productivity trends by species 

I explored pre-treatment productivity patterns in relation to nutrient availability by 

using growth efficiency as a measure of productivity. The growth efficiency of beech appears to 

be limited by foliar P and that of yellow birch appears to be limited by foliar N. Beech growth 

efficiency was negatively related (p < 0.05) to foliar N:P and positively related to foliar P 

concentration within the mature stands (C8 and C9; Fig. 19). A similar pattern was also 

observed when the mid-age stand was included (Fig. 20). 
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Yellow birch growth efficiency showed little pattern in relation to foliar N:P (Fig. 21), but 

increased in relation to foliar N concentration in mid and mature stands. 

Beech growth efficiency was not related to soil P availability. Sugar maple growth efficiency was 

not related to either soil N or P. Yellow birch showed marginally significant relationship with soil 

N availability (Fig. 22). 

 

The above pre-treatment trends of growth efficiency will be repeated for exploring post-

treatment productivity responses. I will use the change in BA per plot and species-specific 

allometric equations to estimate productivity responses to the nutrient treatments at species-

specific and ecosystem scales.  
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