ABSTRACT

NITROGEN AND PHOSPHORUS AVAILABILITY IN FORESTS OF VARYING AGES IN
THE BARTLETT EXPERIMENTAL FOREST
WHITE MOUNTAINS, NEW HAMPSHIRE

by Tera Jean Ratliff

Human-induced changes such as nitrogen deposition and forest harvest can alter
biogeochemical cycling in temperate forests. However, it is still unclear what impacts increased
N availability and successional stage have on productivity. Nitrogen (N) and phosphorus (P)
availability were examined along an age gradient in northern hardwoods in the Bartlett
Experimental Forest, New Hampshire, USA. Net N mineralization decreased with age, but no
patterns were discovered for available P. However, there was strong evidence for N and P
coupling in these sites with results suggesting that N availability influenced P availability
through the production of phosphatase enzymes. The apparent interaction of N and P, via
phosphatase, is good evidence that resource optimization processes balance nutrient
availability across a wide gradient in fertility. This could be viewed as contributing to
colimitation, but it could also be that N is the primary limiting nutrient because of its underlying
effects on P availability.
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Introduction

Nitrogen (N) has historically been regarded as the nutrient most limiting to productivity
in temperate forest ecosystems. This paradigm has largely been the result of generalizations
about the lack of mineral N (Vitousek and Howarth, 1991) and observations indicating the
importance of low N availability to growth on young soils. Atmospheric deposition and within-
system recycling are the predominant pathways by which N is obtained. Therefore, productivity
on geologically young soils, such as are found in temperate forests of the northeast, is expected
to be N limited (Walker and Syers, 1976). Phosphorus (P), on the other hand, is primarily
obtained through the weathering of mineral parent material in soils, and external sources are
believed to be small compared to internal sources (Okin et al, 2004). As a result, forest
productivity on older substrates, such as those found in many tropical regions, is expected to be

limited by P (Walker and Syers, 1976).

The general patterns of N and P limitation hypothesized by the Walker and Syers model
does not consider the various short-term disturbances that may result in proximal limitation by
another nutrient. The theory behind N limitation in geologically young forests is based on the
assumption that newly formed soils are deficient in N but have sufficient amounts of P from
parent material to support growth. Nitrogen availability will increase as the system ages due to
continued inputs from the atmosphere, organisms that can fix N, and internal recycling; while P
availability will decrease due to sequestration in the standing biomass, mineral sorption, and
the lack of significant inputs to the system. Within this context of geologic time, any process
that upsets this balance, such as increased N inputs and/or increased sorption of P to minerals,
may at least temporarily lead to a shift in the limiting nutrient or to simultaneous limitation by
more than one nutrient (co-limitation) (Elser et al, 2007). Therefore, while the Walker and Syers
model provides us with a good starting point for understanding nutrient limitation over
geologic time scales, the role of disturbance still needs to be examined at shorter time scales.
To understand anthropogenic impacts on biogeochemical cycling in the northern hardwood

forest, | studied nine stands of three different age groups in New Hampshire, USA to test the



general hypothesis that forest harvest and nitrogen deposition reduce availability of P relative

to that of N.

Settlement and industrialization have brought about changes in the N and P cycles in
northeastern hardwood forests. Fertilizer production, the planting of N-fixing crops,
deforestation, and fossil fuel combustion are just some of the anthropogenic practices that
have resulted in increased amounts of reactive nitrogen in terrestrial and aquatic systems and
greater fluxes to and from the atmosphere (Galloway et al, 2004). Atmospheric nitrogen
deposition from the combustion of fossil fuels has a long documented history of effects on

forested systems.

Acid rain was first attributed to air pollution by Robert Angus Smith in 1872 (Smith,
1872) but did not emerge as a widespread ecological issue until the late 1960’s and early 1970’s
(Likens et al, 1972; Likens and Bormann, 1974; Oden, 1968). Still, the importance of the N
deposition component from this anthropogenic input was initially overlooked, and we are still
trying to understand the long-term impacts of these changes (Aber et al, 1989; McLauchlan et
al, 2007). What is known is that human activities have doubled the amount of N being

transported from the atmosphere to active pools on land (Vitousek et al, 1997).

In addition to the effects of acid rain, forests in the eastern parts of the United States
have a well-documented history of deforestation. From the early 1700’s until the 1980’s, large
tracts of US forest lands were clear-cut or selectively harvested (Dale et al, 2000). During this
time period, most of the forests in the northeastern part of the country were cleared for
agricultural land or harvested for wood products (Dale et al, 2000). This resulted in large
amounts of nutrient exports from the ecosystem in harvested biomass and leachate from the
soil due to decreased uptake by vegetation (Dale et al, 2000; Likens et al, 1970; Pierce et al,
1972). The subsequent early successional forest has been shown to have reduced P
mineralization, increased adsorption of P in the mineral soil (Wood et al, 1984; Yanai, 1998) and

higher allocation of nutrients to aboveground biomass (Gleeson and Tilman, 1990).

Combined effects of disturbance such as acid deposition and harvest may alter the
relative balance among recycled nutrients if, for example, N recovers to pre-disturbance levels
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more rapidly than does P. P is readily adsorbed to soil minerals especially at conditions we may
expect to predominate with human disturbance (low pH from acid rain and recent forest
harvest) (Hsu and Rennie, 1962), and it is unclear how long it takes for P cycling to recover
(Yanai, 1998). Previous work in these forests suggested that P was limiting to productivity,
especially in young, aggrading sites (Naples and Fisk, 2010). Furthermore, models (multiple
element limitation, MEL) of nutrient cycling in northeastern hardwood forests predicted that
young forest stands that have passed the initial secondary succession phase would be P-limited
and mature forest stands would be N or P limited, depending on the ability of the system to
retain excess P during the very early succession phase when N is limiting (5-30 years) (Rastetter

et al, in review).

These observations, along with data from recent studies, have led to a general
guestioning of the paradigm of N limitation in temperate forests. Understanding the processes
underlying limitation in these systems, is important for the prediction of future effects of
continued N deposition on aquatic systems as well as feedbacks to the atmosphere and
ecosystem carbon storage under increased CO, (Aber et al, 1989; Elser et al, 2009; ; Johnson,
2006; Luo et al, 2004) Liebig’s law of the minimum is the classical view of nutrient limitation,
stating that growth is always limited, at any one time, by the nutrient in shortest supply relative
to demand (Liebig, 1842). However, more recent views suggest Liebig’s Law is an
oversimplification of nutrient limitation, especially when dealing with multiple species within a
whole ecosystem (Danger et al, 2008; Harpole et al, 2011). Resource optimization theory, on
the other hand, suggests that organisms should allocate their assets to avoid limitation by any
one nutrient (Bloom et al, 1985). Under resource optimization theory, an organism will
continually reallocate effort to obtain nutrients in scarcest demand and decrease allocation to
other resources. Over time, all of the resources should be closely in balance with each other,
and all resources should be equally limiting to growth (Bloom et al, 1985, Chapin et al, 1987).
Under resource allocation, nutrients in plentiful supply can be used (allocated) to obtain other
nutrients. Therefore, nutrients may be expected to have a tendency to co-vary together, since
the ability to obtain one may be dependent upon the presence of another. Recent studies have

indicated that, on a global scale, ecosystem productivity is often co-limited by multiple



resources (Elser et al, 2007;Harpole et al, 2011; Rastetter et al, 1997). If co-limitation is as
common in terrestrial systems as recent studies suggest (Elser et al, 2007; Harpole et al, 2011),

this would support the idea of resource optimization (Bloom et al, 1985; Chapin et al, 1987).

The nutrient requirements of microbial communities and feedbacks between above and
belowground processes may facilitate the development of co-limitation. Through
decomposition, soil microbes provide most of the soluble nutrients available to forest plants on
an annual basis (Schlesinger, 1991), and plants provide the major source of carbon for
decomposers. At the same time, plants and microbes directly compete for soil nutrients
making their association both mutualistic and competitive (Hartz and Kinzig, 1993; Hodge et al,
2000). The end result of this competition should be a tight linkage between above and below-
ground processes which can result in either positive or negative feedback loops (Wardle, 2004).
Bacteria and fungi play an important role in the recycling of nutrients in forest ecosystems and,
as with plants, can allocate resources (enzyme production) to obtain the nutrient that are most
limiting to growth. Fungi and bacteria are responsible for up to 80% of all N and 75% of all P
acquired by terrestrial plants through direct uptake by mycorrhizae and mineralization of
organic matter (van der Heijden et al, 2008), but there are still many gaps in understanding the

effects of microbes on overall nutrient cycling in the northeastern forests.

Homeostasis in microbial nutrient use suggests that their mechanism of nutrient
acquisition should give insight into the availability of N and P in relation to each other. The N:P
content of soil microbes has been shown to vary independently of soil N:P, indicating that soil
microbes are homeostatic (not flexible in their resource use) (Cleveland and Liptzin, 2007) and
should put effort into maintaining their nutrient resources within a relatively narrow range.
Therefore, the effort by microbes to obtain nutrients may give insight into the nature of
nutrient limitation in forest ecosystems. In particular, microbes exert disproportional effects on
the nutrient supply in forested ecosystems due to the recycling of nutrients at a different ratio
than their uptake (Makino et al, 2003). Microbial productivity is C limited in most terrestrial
systems (Alde’n et al, 2001; Ekblad and Nordgren, 2002; Ilstedt and Singh, 2005; Joergensen
and Scheu, 1999; Nordgren, 1992; Smith and Paul, 1990) but can be secondarily limited by N or



P (Demoling et al, 2007; Goransson et al, 2011; Reed et al, 2011) leading to constraints on
enzyme production, especially when N is in low supply (Allison and Vitousek, 2005). Under an
N-limited scenario, there may be a rise in the number of N-fixing organisms with a high carbon
requirement. This would be expected to lead to an increase in mineralization of organic matter
in an effort to meet that carbon requirement (Fontaine and Barot, 2005; Moorhead and
Sinsabaugh, 2006). In a P-limited scenario, demand for P should increase phosphatase enzyme
production (Houlton et al, 2008; Olander and Vitousek, 2000; Treseder and Vitousek, 2001).
Allocation to enzymes has been recognized as the primary pathway by which microbes break
down complex organic matter (Allison and Vitousek 2005; Asmar et al, 1994; Sinsabaugh, 1994).
Consequently, enzyme production acts as an important facilitator in the process of
decomposition and nutrient mineralization (Asmar et al, 1994; Sinsabaugh et al, 1994), and
their energetic costs should result in their production only when the resource they acquire is

limiting (Allison and Vitousek, 2005; Koch, 1985).

There is sufficient evidence that enzyme activity responds to N fertilization. However, it
is still unknown if enzymatic activity varies with N availability in natural systems. Numerous
studies have found that N fertilization alters the activity of extra-cellular enzymes in the soil
(Ajwa et al, 1999; Carreiro et al, 2000; Currey et al, 2010; DeForest et al, 2004; Gallo et al, 2004;
Johnson et al, 1998; Michel and Matzner, 2003; Ramirez et al, 2012; Saiya-Cork et al, 2002;
Treseder and Vitousek, 2001), generally leading to an increase in C mineralizing enzymes and
phosphatase activity (Ajwa, 1999; Allison and Vitousek, 2005; Olander and Vitousek, 2000;
Saiya-Cork et al, 2002; Sinsabaugh and Foreman, 2003; Sinsabaugh et al, 2009; Treseder and
Vitousek, 2001) and a suppression of lignin-degrading enzymes (Carreiro et al, 2000; DeForest
et al, 2004; Gallo et al, 2004; Michel and Matzner 2003; Saiya-Cork et al, 2002). Organisms
exude extra-cellular phosphatase enzymes into the soil where they break down the ester-
bonded organic P into bioavailable phosphate ions which can then be used for growth
(Sinsabaugh et al, 2008). Both plants and microbes can produce phosphatase enzymes, and
their production comes at a high N cost to the organism (Houlton et al, 2008; Olander and
Vitousek, 2000; Treseder and Vitousek, 2001). This coupling between N and P, through the

production of these enzymes, would result in high phosphatse activity when N is plentiful and P



is deficient and low phosphatase activity when P is plentiful in relation to N. A recent meta-
analysis by Marklein and Houlton (2011) also found that N-fertilization enhanced and P-
fertilization suppressed phosphatase enzyme activity. Despite these studies, we do not know
whether these transient effects of excess N and P availability translate to longer-term patterns

that develop in nutrient cycles among ecosystems that inherently differ in N and P cycling.

Understanding long term effects of anthropogenic disturbance on northern hardwood
forests requires consideration of the relationships and potential feedbacks between N and P in
this system. The overall goal of this research is to examine potential for feedbacks by testing
the relationships between N and P availability in forests with a history of deforestation and
increased N deposition. This project will lay the groundwork for future work examining nutrient
limitation in these forest sites. To accomplish this goal, | examined soil parameters related to N
and P availability and microbial biomass in forest sites in the White Mountains in New

Hampshire.

Hypothesis 1: N availability will change relative to P with forest age in managed
northern hardwood ecosystems. | predict that N availability will be high in young secondary
successional forests and decline with age, while P availability will show the opposite trend
consistent with model predictions (Rastetter, in review) and fine root foraging patterns (Naples
and Fisk, 2010) in these forest ecosystems. This should result in a greater P deficiency relative

to N in young sites than mature sites in managed northern hardwood systems.

If this is the case, then effort by organisms to maintain balance in nutrient resources
should result in increased investment in phosphatase enzymes when P availability is low and
demand is high (deficiency in P relative to N in young forests) and higher allocation to phenol
oxidase when N is deficient relative to P (mature forests). Additionally, C mineralizing enzyme
activity is expected to correspond to high relative N availability (young forests), which alleviates

secondary N limitation of C mineralization.

Alternative Hypothesis 1: On the other hand, single limitation by any one nutrient in
these systems may be an overly simplistic view. Consequently, an important alternative to this
hypothesis is that N and P availability co-vary across forests of different ages. This alternative
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would be supported if available N and P are similar among forests and are correlated with each
other even if total availability varies. If this is the case, | predict that allocation to enzyme
production drives this coupling as a mechanism of promoting balance. More specifically, |
expect that higher N availability alleviates limitation of enzyme production and that production
of phosphatase, glucosidase, and cellobiohydrolase activity will increase with higher N
availability. Conversely, | predict that polyphenol oxidase activity will decrease with higher N

availability where its N mining effects confer less benefit.

Hypothesis 2: Given the importance of microbial processes to nutrient availability in
forested ecosystems (Schlesinger, 1991) and the known associations between microbial and
enzymatic activity in forest soils, | also explored the relationship between microbial
stoichiometry and nutrient availability Base on previous research done on homeostasis in soil
microbes (Cleveland and Liptzin, 2007), | predict that the soil microbial biomass in the sites is
homeostatic, and microbial N:P will not vary with soil N:P. Alternatively, microbial N:P will vary
with soil N:P indicating that the microbial community is not homeostatic. This prediction further
leads to the following research question. 1) If evidence for homeostasis is found, does
allocation by microbes to extra-cellular enzyme activity provide insight into the effects of

altered nutrient cycling in these sites?

Methods

Study Site

This study was implemented at the Bartlett Experimental Forest (44°2’39”N, 71°9’56"W)
(nrs.fs.fed.us/ef/) in the White Mountains of Southeast New Hampshire, USA. The climate is
humid continental with warm summers and cold winters. Mean air temperature is -9°C in
January and 18°C in July. Total annual precipitation is 127 cm and snowpack often forms each
winter to a depth of 1.5 to 2 m (Gamal-Eldin, 1998). Soils are moist spodosols (typic and aquic

haplorthods) that developed on granite-and gneiss-derived glacial tills.



To examine the relationship between N and P availability in the northern hardwoods, |
used a chronosequence approach with nine forest stands; three each of young (20-30 years),
mid-aged (33-50 years), and mature (>120 years) varying in elevation from 250 to 400m. Forest
age was determined as time since clear cut. In each stand, four 50x50 m plots were established
with at least a 20 m buffer between each plot, and the inner 30x30 m was sampled in late June
or early July in the 2008 to 2010 growing seasons. Forest composition is typical of northern
hardwoods, with an overstory dominated by sugar maple (Acer saccharum), American beech
(Fagus grandifolia), yellow birch (Betula alleghaniensis), and white ash (Fraxinus americana) in
mature forests and by pin cherry (Prunus pensylvanica), white birch (Betula papyrifera),
American beech, and red maple (Acer rubrum) in young forests. Mid-aged forests are
transitional between the two (Figure 1). In addition to logging, these sites were affected by the
1938 hurricane. Additionally, the White Mountain region is in an area of the country with a

history of acid deposition resulting in increased sulfur and nitrogen inputs to these sites.

Sample Collection

We collected an average of 30 cores from the surface organic layer of each plot in each
stand in June or July of 2008 and 2009. During the 2008 sampling season, only three plots were
sampled in each of the mid- and mature-aged stands. Young sites were not sampled in 2008. All
plots and sites were sampled in 2009. The cores were divided into Oe and Oa horizons based on
visual standards and were composited by horizon within each subplot before transporting back

to the lab. Samples were kept cold prior to analyses.

Soil Properties

In the lab, samples were homogenized and subsamples were weighed for soil
moisture/organic matter, nitrogen, phosphorus, and enzyme analyses. We also incubated resin
bags in situ in 2010, to quantify P availability. To account for differences in field moisture that
affect subsample dry mass, soil moisture was measured by taking a subsample at time of
analysis and drying it at 60°C to a constant mass. Water loss from this subsample was used to

convert fresh mass of all other subsamples to dry mass.



Nitrogen

Available nitrogen was quantified using laboratory incubations. We weighed two soil
subsamples of about six grams fresh weight per subplot and immediately extracted NH," and
NOs™ from one subsample (t;) by shaking in 40 mL of 2M KCI for one hour on a reciprocal shaker.
The second subsample (ts) was placed in a canning jar and incubated in the lab for 21-28 days
and then extracted in the same way as the first. Sample extracts were filtered through
Whatman #1 qualitative grade paper and stored at 4°C until analysis. We used the indophenol
method (method 351.2, US EPA 1983) to determine NH," concentration, and a cadmium
reduction method (method 353.2, US EPA 1983) to determine NO3™ concentrations in the

subsamples Net nitrogen mineralization was calculated as follows:
Nmin = {(NOs + NHai) — (NOsyi + NHa)}/Timegays

Microbial nitrogen was quantified using the chloroform fumigation technique (Brookes
et al, 1985; Vance et al, 1987). We weighed two soil subsamples of about six grams fresh weight
per subplot and immediately extracted total dissolved nitrogen (TDN = NO3 + NH," + Dissolved
organic nitrogen “DON”) from one subsample (u = unfumigated) by shaking in 40 mL of 0.5M
K,SO4 for thirty minutes on a reciprocal shaker. To lyse the microbial cells, we fumigated the
other subsample (f = fumigated) in an air-tight desiccator with a beaker of chloroform for three
days and then extracted in the same way as the unfumigated. The samples were then digested
for total dissolved nitrogen using a persulfate digestion method (D'Elia et al, 1977). Microbial
nitrogen (MBN) is assumed to be the difference between the unfumigated and fumigated

samples and was calculated as follows:

MBN = (TDN;— TDN,)/0.54 (extraction coefficient, Vance et al, 1987)

Phosphorus

Available phosphorus was quantified using an in-situ resin-extractable phosphorus
technique (Lathja, 1988). Nylon bags of uniform size containing 10 g of bicarbonate-form anion-

exchange resins (JT Baker) were incubated beneath the forest floor in each stand beginning in



May of 2010. Six bags per subplot were deployed in the lower boundary of the Oa horizon by
inserting into slices (approximately 5 cm wide) made at a 30 - 45 degree angle. The resins have
a high affinity for P and are intended to simulate uptake by plant roots by sorbing labile P that is

available for plant uptake.

Resin bags were removed from the field in August of 2010 and kept on ice during
transport back to the lab where they were stored at 4°C until further analysis. Prior to analysis,
the bags were rinsed well to remove residual soil and allowed to air dry. Resin P was extracted
by shaking air-dried beads in 200mL of 0.5M HCI for one hour on a reciprocal shaker. We pH
adjusted the extracts by titrating 20mL of sample with 0.25M H,SO4 and 4M NaOH using
phenolpthalien as an indicator, brought them to a consistent volume of 25mL, and analyzed

using the Murphy and Riley procedure (1962).

Microbial phosphorus was quantified using the same procedure used for microbial
biomass N, with the exception of the extractant which was 0.5M NaHCOs instead of 0.5M K,SO,.
The samples were then digested for total dissolved phosphorus using a persulfate digestion
method (EPA/600/R-93/100, Method 365.1). Microbial phosphorus (MBP) is assumed to be the

difference between the unfumigated and fumigated samples and was calculated as follows:

MBP = (TDP;— TDP)/0.40 (extraction coefficient, Vance et al, 1987)

Bicarbonate P was calculated using the unfumigated MBP sample.

N:P Ratio

Lab measurements of the N mineralization rate during the 2009 season were compared
to in-situ resin P availability from the 2010 field season. Ratios were calculated using the total
transformation in N availability over the 21 day incubation to the total P in solute from resin
bags incubated for 3 months in the field with both measures standardized to a daily rate.
Estimating available N:P in these sites was complicated by differences in the way we measured
N and P. Measuring P in-situ provides a more accurate snapshot of availability than in-lab
measures, but this means that our units were not directly comparable. Nevertheless, the ratios

acquired may still be useful for comparing relative availability among forest ages.
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Enzymes

Phosphatase, glucosidase, cellobiohydrolase, and polyphenol oxidase activity were
quantified (umol - h™* - g* dry mass) in the laboratory by extracting a subsample weighing
about 7 grams (fresh weight) in 100 mL of acetate buffer (50 mM, pH 5) on a reciprocal shaker
for one hour. We blended samples prior to analysis to ensure equal distribution of soil particles
and divided them into six replicate tubes containing 200l of sample and 200ul of appropriate
substrate (p-nitrophenyl-phosphate, p-nitrophenyl beta-glucopyranoside, p-nitrophenyl beta-D
cellobioside, or |3,4-Dihydroxyl-L-phenyl-alanine, respectively) (Tabatabai, 1982). We ran
controls containing just sample and buffer and just substrate and buffer to account for any
interference that might occur. Phosphatase, glucosidase, and cellobiohydrolase were shaken at
room temperature (25°C) for one hour, two hours, and four hours, respectively. We centrifuged
the samples, stopped the reaction using 1M NaOH, and analyzed optical density at 410nm.
Polyphenol oxidase was shaken at room temperature for four hours, centrifuged, and the
supernatant was analyzed for optical density at 450nm. Enzyme activity was calculated for each

substrate type individually as follows:
OD/(EC*T* DM)

Where, OD = Average Optical Density — Control, EC = Extinction Coefficient, T, - Incubation Time
(hours), and DM = Dry Matter.

Statistical Analyses

Statistical analyses were done using the nime (Pinheiro et al, 2012) and multcomp
(Torsten et al, 2008) packages in R v. 2.14.1 statistical programming language (R Development
Core 2011). Age-related patterns in nutrient availability were tested using random-variable
nested ANOVA with plots nested within sites nested within age. When an effect of age was
found, significant differences were determined using Tukey’s honestly significant difference
test. Relationships between enzyme activity and nutrient availability and relationships between
microbial biomass and nutrient availability were examined using linear regression and ANOVA
in R for 2009 data. Weighted least squares regression lines were added to plots using Igor Pro
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(Wavemetrics, Lake Oswego, OR, USA) software. Nutrients, enzymes, and microbial biomass
were averaged within each plot for all analyses. Tests were run separately for each soil horizon
to minimize the effects of natural differences between Oe and Oa horizons. With the exception
of net N mineralization, analyses were only done on samples from the 2009 sampling season
due to unequal sampling sizes in 2008. The means for 2008 are also presented to show relative

patterns over time.

Results

Nitrogen availability differed with forest age in the Oe horizon in 2008 with higher N
availability in mid-aged than in mature forests (Figure 2). N availability did not significantly
differ with forest age in 2009 but general trends showed a decrease in N mineralization as
forests mature. Phosphorus availability did not differ by forest age (Figure 3). The Ratio of
available N to P (N mineralization: Resin-available P) did not differ with age (73.93 +/- 7.00 in
young, 84.76 +/-12.09 in mid-aged, and 65.72 +/- 13.49 in mature). Variation among stands
within ages was high (Table 2) for N and both forms of P, with overlapping values for all three
variables. Activity of enzymes involved in decomposition and P cycling did not differ with forest

age.

Spatial patterns of N and P availability were stronger than the age-related patterns.
Resin P availability and N mineralization were significantly related in the Oe horizon (P =0.02;
Figure 4). Nitrogen mineralization and resin P were both positively related (P<0.05 and P <0.01,
respectively) to phosphatase activity in the Oe horizon of these forests (Figure 4), but there was
no relationship between bicarbonate P and phosphatase activity (Figure 4) or N mineralization
and bicarbonate P (not shown). There were also no significant relationships between
glucosidase, cellobiohydrolase, and polyphenol oxidase and N mineralization or resin P across

stands.
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Nitrogen and phosphorus measured in the microbial biomass varied independently of
each other and did not differ with stand age. Microbial N:P averaged 5.6 +/- 0.65 in the Oe
horizon and 9.2 +/- 2.19 in the Oa horizon, but was not related to available N or P across stands
(Figure 5). Microbial N:P was positively correlated with phosphatase activity in the Oe horizon
(P<0.05, Figure 6), but was not correlated with any of the C mineralizing enzymes. Resin P and
nitrogen mineralization tended to increase with higher microbial P and microbial N respectively,

but the relationships were not significant (P~0.10).

Discussion

While | found weak support for the hypothesis that N availability changes relative to P
availability as forests age, the far more striking result was covarying N and P availability,
independent of age, across the forest stands. Strong relationships between N mineralization
and resin P availability demonstrate that N and P availability are tightly coupled in these sites
and suggest that mechanisms exist to balance availability over relatively short time scales.
Based on model findings (Rastetter et al, in review) and previous field results (Naples and Fisk,
2010), | predicted a shift from P to N limitation as forests matured, and age-related trends in
2008 were consistent with my predictions that N availability would decline but not that P
availability would increase with stand age. However, variation among stands in this study was
high, suggesting that a chronosequence approach is not ideal for detecting change over
successional time in either N or P availability. Ratios of N and P availability factor out spatial
variation and do not show any strong age-related pattern. This suggests that even with
decreasing N availability as forests mature, the differences are not large enough to create
marked age-related differences in the relative availability of these nutrients, and provides more

direct evidence that N availability did not decline relative to P over succession.
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Co-limitation and Resource Optimization Theory

While age-related adjustments may be taking place in the nutrient status of these
northern hardwood sites, | found strong support for the alternative hypothesis that nutrients
covary in these forest stands. Coupled with phosphatase results, this suggests that resource
optimization by organisms works to maintain balance in the nutrient supply rate even when the
overall availability of nutrients is high. This effort to maintain stoichiometric balance could, as
the Rastetter et al (in review) model and resource optimization theory suggest (Bloom et al,
1985), eventually result in a situation where growth is simultaneously limited by more than one
element. Co-limitation of forest stands would be expected to result in N and P cycles that are
tightly linked, and this study supports this idea at least for the biologically active organic pool.
High nitrogen availability in these sites resulted in high phosphorus availability, and the likely

mechanism for this coupling was driven by the availability of nitrogen.

The findings in this study are especially significant in that they show that the mechanism
of using excess N to obtain P operates across varying time scales and levels of nutrient
availability and not just in response to manipulation. Unlike in previous studies by other authors
(Allison and Vitousek, 2005; Clarholm, 1993; Marklein and Houlton, 2011; Treseder and
Vitousek, 2001) high phosphorus availability did not result in reduced phosphatase enzyme
activity, but both high phosphatase activity and high available P were tied to high nitrogen
availability (Figure 4A and 4B) again indicating that N availability is the driver behind these
patterns. It is important to note that the studies cited all looked at the effects of P fertilization
on extra-cellular phosphatase production. This would be expected to decrease P demand and
therefore nullify the benefits of producing phosphatase enzymes. This contrasts with my study,
where | assumed that high N availability would result in high P demand and indicates that
fertilization studies may over-simplify the relationship between N and P availability and
phosphatase demand. High N availability did increase investment in phosphatase enzyme
production in these study sites. These results are consistent with previous N fertilization
studies (Ajwa et al, 1999; Carreiro et al, 2000; Currey et al, 2010; DeForest et al, 2004; Gallo et
al, 2004; Johnson et al, 1998; Michel and Matzner, 2003; Ramirez et al, 2012; Saiya-Cork et al,
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2002; Treseder and Vitousek, 2001). When making these observations, it should not be
overlooked that higher enzyme activity can only work within the bounds of potentially available
organic P. Beyond this, the amounts of biotically recyclable P have to increase. So, at one end of
the spectrum, there are limits to the effectiveness of phosphatase activity that are difficult to
overcome. At the other end of the spectrum, when N and P availability are balanced or N is
solely limiting, phosphatase is no longer needed. My results fall in the middle of this spectrum
indicating that even across northern hardwood forest stands with a wide range of N
availability, N and P demand are closely linked and there is a large enough pool of potentially

mineralizable P to overcome potential P limitation.

While N limitation could underlie the apparent coupling in N and P availability in these
forests, these results could also reflect co-limitation by N and P. Resource optimization theory
proposes that organisms should constantly modify their effort to acquire nutrients that are in
highest demand (Bloom et al, 1985). This should eventually result in a scenario where all
resources are in close balance with each other and are all equally limiting to growth (Bloom et
al, 1985). This idea lends itself well to the concepts behind co-limitation of nutrients at the
ecosystem scale. In this study, resource optimization likely contributes to tight coupling of
nutrient cycling, and could lead to a situation in which N and P are both limiting to growth and
the system is independently co-limited (Harpole et al, 2011). This would be the case if adding P
increases productivity by alleviating the need to produce phosphatase enzymes (Marklein and
Houlton, 2011) and freeing up N for further growth. At the same time, adding N results in
further allocation to phosphatase enzymes keeping P availability in relative balance with N.
However, it is also possible that N limitation underlies the patterns seen here, as the availability
of P appears to depend on the availability of N to produce phosphatase (Figure 4A, 4B, and 4C).
In fact, in this study low nitrogen availability in the mature sites may have constrained the
availability of phosphorus through reduced allocation to phosphatase enzymes, thereby
promoting potential storage in the organic pool. The pool of potentially mineralizable P is still in
excess in these sites indicating that the effectiveness of producing phosphatase has not yet
reached its capacity in these forests. N and P fertilization studies would help to resolve the

guestion of whether forest sites in the northeastern hardwood forest are co-limited by N and P

15



simultaneously or are primarily limited by N with P becoming limiting only on very fine spatial

scales.

Age-related Patterns in Nutrient Availability

N deposition and the imbalance of N and P associated with forest harvest (Wood et al,
1984; Yanai, 1998) should increase the likelihood that P will become limiting, at least on shorter
time scales. P availability can decline with stand age in boreal forests (Brais, 1995). While such
changes have not been reported in northern hardwoods, the immediate loss of P to mineral
sorption after forest harvest (Yanai, 1998) suggests that P availability should be lowest in sites
recovering from a recent disturbance. Models have also suggested that forest harvest will be
followed by preferential loss of P and retention of N in northern hardwoods (Rastetter et al, in
review) and that, in the absence of a mechanism to retain P, this loss will lead to a prolonged
period of P limitation after the initial regrowth stage (about 30 years). However, | was unable to
detect differences among the young, mid-aged, and mature stands at Bartlett Experimental
Forest. Higher (but not significantly) labile organic P pools in mature forests suggest that
potentially available P recovers over successional time, consistent with my predictions. Because
of high variation among stands, it may be necessary to follow individual stands over time to
reach conclusive results regarding changes in P cycling over secondary succession. According to
the MEL model, after a century of succession, the system should have reset itself so that N and
P are once again tightly coupled and the system is co-limited (Rastetter et al, in review). The
significant relationship between N and P in this study suggests that the tight coupling between
these nutrients is regained much earlier than the 100 years suggested, consistent with the idea

that, when in high availability, N can be allocated to alleviate short-term P limitation.

However, the question still remains as to how P is retained in the system after
succession. P should be readily lost from the biotically active pools to more occluded forms in
soil after forest harvest (Wood et al, 1984; Yanai, 1998), but we found no such pattern of
reduced P availability in the stands of younger age classes. Phosphorus availability was high
when N availability was also high regardless of stand age indicating that P was either retained in

the rapidly cycling pools after forest harvest or recovered from the more recalcitrant pools after
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the initial period of succession. Recovery of P from pools traditionally considered to be
unavailable can happen in a couple of ways. Acidification of forest soils under atmospheric
nitrogen and sulfur deposition can release P that is bound to aluminum and iron oxides
(Sherman et al, 2006) and/or biotic demand can drive P to be redistributed from the
recalcitrant pools into the labile pools (Block et al, 2012; Richter et al, 2006; Turner et al, 2002).
This can happen by mining recalcitrant pools through the production of organic acids and
complex enzymes (Block et al, 2012; Richter et al, 2006; Turner et al, 2002) or by weathering of
primary minerals such as apatite (Walker and Syers, 1976) and may lead to a decrease in slowly-
available pools over time (Block et al, 2012; Richter et al, 2006). In order to fully resolve
guestions about changes in P cycling in successional northern hardwoods, changes in the

distribution of P among slowly recycling and labile pools needs to be addressed.

Previous studies have not found conclusive patterns of N availability with forest age
(Ryan et al, 1997). Many studies demonstrated a lack of consistent patterns in N availability
over succession (Brais et al, 1995; Covington, 1981; Fisk et al, 2002; Vitousek et al, 1989).
However, other studies found similar results to those found in this study and demonstrated
that N availability declines with forest age during secondary succession (Binkley et al, 1995;
Brais et al, 1995; Frazer et al, 1990; Matson and Boone, 1984). In many cases, patterns that
emerge are reliant upon the nutrient in question (Brais et al, 1995; Covington, 1981), the
history of the site (Vitousek et al, 1982; Vitousek et al, 1989), and whether the overall status of
the site is nutrient rich or nutrient poor (Vitousek et al, 1982). Microbial N immobilization and
accumulation of N in detritus may increase with stand age (Davidson et al, 1992; Fisk et al,
2002; Gorham et al, 1979; Vitousek et al, 1988) and contribute to lower net N mineralization in
mature sites in this study. Furthermore, increases in atmospheric CO, since industrial times
provide a potential source of increased N storage capacity in that growth of the microbial and
plant communities may be stimulated which will, in turn, lead to the increased immobilization
of N (Huntington, 2005; Luo et al, 2004). Taking atmospheric N deposition into account, there is
a convincing argument for increased microbial activity in mature forests, since secondary N
limitation to microbial growth is less likely to occur under high nitrogen availability and

competition with plants should be reduced.
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Microbial Drivers of Nutrient Availability

Despite the importance of microbial organisms to nutrient cycling in terrestrial systems
and the assumption that a large portion of the nitrogen in these forested systems is
immobilized by microbes as forests age, we still lack understanding of the relationships
between above and below-ground nutrient processes in hardwood forests. Part of the problem
arises from the fact that microbial biomass estimates are often a poor predictor of microbial
activity and decomposition rates (Grey and Williams, 1971; McGill et al, 1986). In spite of this,
studies have shown that there are relationships between microbial biomass and soil nutrient
pools (Cleveland and Liptzin, 2007; Zak et al, 1990). Additionally, the higher turnover rates
associated with the microbial biomass (Fisk and Fahey, 2001; Holmes and Zak, 1999; Lipson et
al, 2001; Schmidt et al, 2007; Stark and Hart, 1997) should contribute to tight coupling between

the microbial community and the available nutrient pool.

Homeostasis in microbial communities should lead to large effects of the microbial
community on nutrient supplies due to constraints on the organisms to keep their nutrient
supply in balance (Makino et al, 2003; Sterner and Elser, 2002). The N:P of microbes in these
forest stands tends to vary within a range of 4:1 to 7:1. There are a few exceptions in the data,
but they appear to be independent of net N mineralization and resin available P, our best
estimates of readily available nutrients in these sites. Therefore, our data do not contradict the
findings of Cleveland and Liptzin (2007). The soil microbes in the northeastern hardwoods
appear to be vary but do so irrespectively of their resource N:P indicating potential constraint in
their nutrient cycling rates. Cleveland and Liptzin used total soil N:P in their observations rather
than estimates of available N and P. This measurement would include forms of N and P that are
unavailable to microbes and may not be a true estimate of consumer and resource
stoichiometric constraints. However, our methods of estimating microbial N availability likely
underestimated the pool of N potentially utilizable by microbes (Schimel and Bennett, 2004).
Additionally, higher microbial nutrient pools measured separately as microbial N and microbial
P did tend to correspond to higher available N and P pools, but these results were not

significant. Known relationships regarding shifts in microbial composition and differences in the
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N:P of fungus compared to bacteria could contribute to apparent variability (Cleveland and

Liptzin, 2007; Reiners, 1986; Sterner and Elser, 2002). So, while our data are in keeping with the
idea that microbial nutrient uptake is not predictable based on nutrient availability, there is still
a need to understand how nutrient availability shifts microbial community composition and the

implications of potential feedbacks associated with those shifts (Strickland and Rousk, 2010).

It has been hypothesized that bacteria (low N:P) should dominate the soil microbial
community under high nutrient availability and fungi (high N:P) should dominate at low
availability of nutrients (van der Heijden et al, 2008) and that the dominance of fungi should
result in high retention of nutrients in the organic pool and a negative feedback with plants
(Wardle et al, 2004) . In practice, fertilization with N, which may be expected to shift microbial
composition to a bacteria dominated community, has also resulted in negative feedbacks in
some terrestrial ecosystems (Aber et al, 1998; Fisk and Fahey, 2001; Magill et al, 1996; Magill et
al, 1997; McNulty et al, 1996). The processes surrounding this pattern are not completely
understood but could be the result of microbial C, N, and P demand and induced limitation by a

secondary nutrient.

The homeostasis of the microbial biomass determines the ratio of nutrients returned to
the soil (Sterner and Elser, 2002). Whatever is left over after growth and enzyme allocation is
returned to the available pool for further uptake by plants and microbes. Consequently,
microbes are able to influence nutrient availability in several ways. In addition to the
production of phosphatase enzymes, discussed previously, microbes can allocate to the
“mining” of N by decomposing recalcitrant organic matter through polyphenol oxidase
production (Craine et al, 2007; Moorehead and Sinsabaugh, 2006; Sinsaubaugh et al, 2010).
One potential explanation for decreased decomposition with N fertilization lies behind the idea
that microbes are often secondarily limited by N availability (Demoling et al, 2007; Géransson
et al, 2011; Reed et al, 2011; Schimel and Weintraub, 2003). Therefore, when N is available in
high enough amounts, microbes no longer need to invest in costly lignin-degrading enzymes for
the purpose of obtaining recalcitrant N (Berg, 2000; Carreiro et al, 2000; Fog, 1988; Hagedorna
et al, 2003; Magill and Aber, 1998; Swanston et al, 2004) and have the flexibility to invest
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allocation to C acquiring enzymes, like glucosidase and cellobiohydrolase, that more directly
translate to growth potential (Moorehead and Sinsabaugh, 2006; Schimel and Weintraub, 2003;
Sinsaubaugh et al, 2009). Contrary to previous studies (Ajwa et al, 1999; Allison and Vitousek,
2005; Carreiro et al, 2000; Currey et al, 2010; Saiya-Cork et al, 2002) in terrestrial systems, we
found no evidence of a relationship between C mineralizing or lignin-degrading enzymes and N

or P availability.

The lack of a relationship between C mineralizing enzyme activity and N availability is
surprising. The idea that microbes are primarily C limited and enzymes N costly lends itself to
the conclusion that high N availability should result in preferential metabolism of C-rich
compounds by microbes (Ajwa et al, 1999; Berg, 2000; Carreiro er al, 2000). However, high N
availability in a natural system is not equivalent to excess N added in fertilizations; and it is
possible, that | am unable to detect any patterns given continued demand for N even at the
high end of N availability found in the forest stands. Phenol oxidase activity can be an indicator
of N demand (Craine et al, 2007; Moorehead and Sinsabaugh, 2006), but there was also no
evidence of increased allocation to production of this enzyme at low N availability. Due to the
high costs associated with producing enzymes, it is possible that the benefits of producing C
and N mineralizing enzymes are not as clear as those of producing P mineralizing enzymes
making patterns harder to detect (Olander and Vitousek, 2000). In conclusion, N availability in

these systems may not directly relate to N demand.

Microbial biomass did relate to the activity of phosphatase enzymes in the organic
horizon of these forest stands with a trend towards increasing investment in phosphatase
production with increasing N:P. Microbes have higher P requirement than plants as evidenced
by their relatively low N:P ratio indicating that they should allocate more toward P acquisition
than plants do (Sterner and Elser, 2002). As previously mentioned, one possible way organisms
can do this is through increasing the production of extracellular phosphatase (Sinsabaugh et al,
2008). It is true that these enzymes can be the result of allocation by plants, microbes, or a
combination of the two, but phosphatase activity is often used as an indicator of microbial

nutrient demand (DeForest et al, 2012; Hill et al, 2012; Sinsabaugh et al, 2009). Unfortunately,
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it is not possible for us to distinguish between plant and microbial sources of phosphatase.
Inferences made on the importance of root-derived versus microbial phosphatase activity tend
to rely on observations and lack of correlation between microbial biomass and phosphatase
activity (Colvan et al, 2001). However, the higher demand for P by microbes compared to plants
combined with the relationship we found between microbial N:P, which is a better predictor of
resource needs than total microbial biomass P, and phosphatase activity in the biotically active
Oe horizon of the forested sites, suggests that the microbial community is playing a large role in

the production of this enzyme and the coupling of N and P in the northern hardwood forest.

Conclusion

Age-related processes have received a lot of attention for their importance to long-term
changes in nutrient cycling. However, human disturbance alters these roles in ways that may
not always be easy to predict. Our data indicate that despite historical incidences of forest
harvest and recent increases in N deposition, the N and P cycles in these forests seem fairly
resilient and remain tightly coupled over the time period sampled across forests of all ages.
Hence, feedbacks between N and P recycling processes play a larger role in availability than
previously considered, and more attention needs to be given to the idea of co-limitation in
situations where there is interdependence between nutrients. Furthermore, the enzymatic
responses of the microbial community to changes in nutrient availability in these systems
suggest that P limitation induced by changes in N cycling in the northeastern hardwoods is
more readily overcome than N limitation as long as there is a recyclable pool of P. While
fertilization studies are designed to test potential future effects of N deposition, the effects of
deposition in the northeastern US have not yet pushed N availability to the point that labile
organic P has been depleted, suggesting that N remains the fundamental limiting nutrient and
appears to regulate the loss of P in these systems after disturbance. | propose that maintaining
excess labile P pools under chronic N enrichment and across sites of varying fertility is possible

because of redistribution of slowly-recycling P pools. Long-term alterations in the cycling of
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nutrients in this system still remain to be studied, and it is important to test this hypothesis if
we are to predict the timing and magnitude of N enrichment necessary to produce long-term P

limitation.
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Table 1.

Numerator Denominator F-value p-value

DF DF

Oe

Enzymes

Glucosidase 2 6 5.12 0.0504
Cellobiohydrolase 2 6 1.43 0.3104
Phosphatase 2 6 0.54 0.6092
Polyphenol Oxidase 2 6 1.28 0.3455
Nutrients

Bicarbonate P 2 6 1.99 0.2168
N mineralization 2 6 2.41 0.1705
Oa

Enzymes

Glucosidase 2 6 0.91 0.4523
Cellobiohydrolase 2 6 2.75 0.1418
Phosphatase 2 6 1.89 0.2326
Polyphenol Oxidase 2 6 1.29 0.3412
Nutrients

Bicarbonate P 2 6 1.07 0.3993
N mineralization 2 6 2.20 0.1921
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Table 2.

Source

2008
Oe

Mid
Mature

Oa
Mid
Mature

2009
Oe
Young
Mid
Mature

Oa
Young
Mid
Mature

Gluc Cell PPO Phos Bic P Microbial Microbial Microbial
P N N:P

2.0(0.26) 0.6(0.06) 1.8(0.28) 28.5(5.11) 151 (10.8) 436 (75.0) 1013 (77.9) 6.2 (0.82)
2.1(0.44) 0.6(0.10) 0.9(0.24) 6.4 (4.88) 115 (14.5) 360 (27.5) 883 (49.1) 5.3 (0.44)
0.4 (0.03) 0.1(0.03) 0.8(0.17) 6.1 (0.63) 53 (5.8) 218 (50.4) 493 (18.9) 5.8 (1.20)
0.2(0.04) 0.1(0.01) 0.6(0.08) 2.7 (0.77) 77 (3.6) 87 (35.5) 509 (49.7) 13.9 (6.64)
5.9(0.47) 1.5(0.19) 1.8(0.25) 46.2 (1.32) 63 (4.4) 565 (13.5) 1352 (82.2) 5.8 (0.49)
3.5(0.57) 0.9(0.14) 3.0(0.78) 48.7 (2.81) 71 (6.6) 66 (143.7) 1377 (90.3) 5.7 (1.63)
3.5(0.74) 1.1(0.36) 2.3(0.41) 43.3 (5.48) 82 (7.6) 491 (82.9) 1100 (113.4) 5.4 (1.45)
1.0(0.18) 0.3(0.05) 0.8(0.06) 15.9 (1.80) 53 (6.9) 204 (16.0) 56 (20.2) 9.2 (3.56)
0.8(0.09) 0.2(0.02) 1.2(0.31) 13.5(1.18) 54 (0.7) 241 (62.4) 547 (60.6) 7.2 (2.10)
0.8(0.11) 0.2(0.02) 0.8(013) 11.1(2.6) 63 (6.5) 183 (60.9) 501 (35.8) 11.1 (6.06)
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Figure 5.
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Figure 6.
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