
[bookmark: _heading=h.w8dil599g3t]Nutrient limitation and soil carbon dynamics
in northern hardwood forests 

Abstract

Carbon allocation to fine roots and rhizosphere microbes is a key mechanism by which ecosystems rebalance the cycling of limiting nutrients in the face of changing availability and demand. Thus, soil health and carbon storage depend on how stocks and fluxes of carbon and nutrients in the soil respond to nutrient limitation of both above and belowground processes. In 2011 we began the first long-term NxP fertilization experiment in temperate forests, in 13 New Hampshire northern hardwood stands spanning a range of ages and native soil fertility. Aboveground growth responded positively to P addition by 2014, and to N+P addition by 2019. Surprisingly, fine root biomass and growth were not reduced by nutrient addition; in fact, root growth was enhanced by N addition in mature stands and by N+P addition in successional stands. A complete view of the allocation responses to nutrient availability requires also quantifying rhizosphere C inputs.  We propose to continue fertilization to test the transience of limitation of aboveground growth and belowground C inputs to soil, which will enable us to address our overarching hypothesis that nutrient limitation influences the relationship between forest productivity and soil C accumulation via its effects on allocation to root and rhizosphere processes. The Multiple Element Limitation model will be used to integrate data from the various components of the study, advance understanding of nutrient limitation, and extrapolate the results to predict soil carbon storage and forest productivity in the face of increasing CO2, changing climate, and a legacy of atmospheric deposition.

Introduction
A healthy soil includes a living system of roots, symbiotic and free-living microbes, and micro- and meso-fauna, which together regulate fluxes of water, carbon, and nutrients between the ecosystem and the wider environment. Forest soils thereby provide a range of critical ecosystem services, including supporting aboveground wood production that can be sustainably harvested, sequestering carbon belowground, retaining nutrients deposited via atmospheric pollution, and regulating quantity and quality of hydrologic fluxes. The potential of forest soils to sequester carbon, in particular, is mediated by their ability to supply limiting nutrients demanded by trees for primary production, and the influence of nutrient limitation on the relative proportions of C inputs to forest floor and soil from fine litter, fine root turnover, mycorrhizal production, and rhizosphere exudation. Resilience to harvesting or natural disturbances requires adequate stocks of limiting nutrients that can be mobilized when the normal tight recycling of limiting nutrients is interrupted (Lovett et al. 2018).  
Carbon allocation in forest ecosystems is determined both by growth and resource-acquisition strategies of tree species and by plastic responses to changing availability of resources including light, CO2, water, and nutrients.  These plastic responses not only allow individual trees and ecosystems to adapt to specific site conditions (e.g., an unusually shallow or especially rich soil), but also to respond to changing conditions, (e.g., a warming or drying climate, increased atmospheric CO2, or chronic atmospheric deposition). The dynamic nature of these responses, and the long time periods required for forest ecosystems to equilibrate to new conditions, make long-term, carefully designed, and replicated experiments necessary for understanding the relationships between changes in relative nutrient availability and outcomes for soil health, including the sequestration of carbon and organically-bound pools of nutrients.   
In this proposal, we continue our ongoing work testing nutrient limitation of forest productivity and we address long-standing questions about the relationship between productivity and soil C storage by testing the effects of nutrient availability on allocation, C inputs from different above- and belowground sources, and C accumulation in forest floor and mineral soil. The research is based on a long-term field experiment consisting of N and P fertilization of forests in full-factorial design. Thirteen northern hardwood forest stands of varying age and site quality have received annual, low-level nutrient addition since 2011. This experiment provides a rich template for addressing our overall goal of better understanding the complex interactions among soil nutrient availability, forest productivity, and soil C accumulation.
[bookmark: _heading=h.sdcc8781nrb6]Nutrient Limitation and Co-Limitation
Managing nutrient supply to support ecosystem productivity was once understood to depend on identifying the most limiting nutrient, and perhaps the nutrients subsequently revealed to be next most limiting (von Leibig, 1840). In forests, this meant that fertilization trials in regions presumed to be N limited (e.g., hardwoods in the northeastern USA) included N addition and occasionally N+P addition (Vadeboncoeur 2010), while in regions of phosphorus limitation (e.g., pines in the southeastern USA) the common treatments were P addition and P+N addition (Fox et al 2007), but there was no reason to test the response to a single nutrient presumed not to be limiting. Without trials involving both elements separately, we cannot determine which element is more limiting, nor whether above- and below-ground production might be limited by different nutrients. With the inclusion of a treatment including both N and P, we can also test for co-limitation.
While ecosystem N can be fixed from the atmosphere (and is deposited in the form of pollutant-derived ammonium and nitrate), P stocks in ecosystems are predominantly derived from the weathering of minerals in the soil parent material. It is therefore generally understood that productivity of terrestrial vegetation is limited by P on old soils and by N on young soils, as primary mineral P is depleted, and organic N accumulates with soil development (Walker and Syers 1976). However, N is not always the sole limiting nutrient in forests on geologically young soils (Vadeboncoeur 2010), and recent demonstration of the global prevalence of N and P co-limitation across many ecosystem types (Elser et al. 2007, Harpole et al. 2011) has stimulated interest in the processes regulating nutrient limitation of productivity across a wide range of natural and managed ecosystems. 
Organisms and ecosystems have mechanisms to help them maintain balanced mineral nutrition. These mechanisms, the accumulation of nutrients within ecosystem cycles, and the consequent synchronization of those cycles should operate to minimize limitation by any single nutrient (Bloom et al. 1985, Chapin et al. 1987, Rastetter et al. 2013), thereby maintaining a condition near nutrient co-limitation (Elser et al. 2007), within the strategy constraints of the plant and microbial communities, and the resource constraints inherent to a given site. 
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	Figure 1.  Fine root ingrowth rates were highest in response to NP treatment in 2 young stands and 3 mid-aged stands and highest in N treated plots in 3 mature stands, although we expected growth to be reduced by nutrient addition.


Belowground allocation and soil C accumulation
The key role played by roots and mycorrhizae in the formation and stabilization of soil C is now well established (Rasse et al. 2005, Frey 2019), and therefore soil C accumulation depends on belowground C allocation by vegetation. The acquisition of C by foliage and water and nutrients by roots and mycorrhizae is balanced by the adjustment of allocation to assure sufficient light and soil resource capture in the face of competition and soil resource scarcity. Thus, root:shoot ratios and belowground C allocation are expected to decline in response to fertilization, and aboveground growth is maximized by increasing allocation of C to shoots, according to the functional balance theory (Thornley 1991). This allocation theory has been questioned by Simon and others (2017), who suggested that increases in soil nutrient supply might enhance the C sink strength of roots and C allocation belowground. Results to date from our experiment appear to support this suggestion: we observed significantly higher fine root growth in nutrient addition plots than controls in all our stands (Fig. 1). This result appears to be tied to nutrient co-limitation in a complex way as the response was to N+P in successional stands (Li et al. 2023) and to N in mature stands (Shan et al. 2012). We suggest that the former result reflects the aforementioned co-limitation of productivity whereas the latter may signal a switch from co-limitation to P limitation under high N supply, thereby requiring increased allocation belowground. 
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Figure 2. There was no consistent effect of nutrient addition on fine root biomass (0-30 cm depth) across all 13 stands (3 young, 5 mid-aged, and 5 mature). Fine root biomass was lowest in mid-aged stands (p = 0.01).
Carbon fluxes to mycorrhizae can be as large or greater than to fine root production (Ouimette et al 2018; 2020). Mycorrhizal associations undoubtedly play an important role in belowground C allocation and the balance of N and P limitation in these forests. Of particular importance to soil health, mycorrhizal fungi play a critical role in the stabilization of soil organic matter, via exudates and necromass, while sometimes simultaneously promoting the decomposition of organic matter to liberate limiting nutrients (Frey 2019; Vadeboncoeur et al. 2015). The net balance of these processes in terms of soil C sequestration is therefore dependent on C allocation to mycorrhizal fungi of different functional types via roots at a range of soil depths (Phillips et al. 2013). All 13 of our study stands are composed of mixtures of ectomycorrhizal (EM) and arbuscular mycorrhizal (AM) trees (Table 2). These different mycorrhizal types differ in their carbon-nutrient tradeoffs, but the situation is complex as C, N and P limitation of both plant and fungus can be involved (Hoeksema et al. 2010). The known effects of AM vs EM on soil C processes suggest EM effects on forest floor C and AM effects in mineral soil (Craig et al. 2018).  
Net belowground carbon input via roots, mycorrhizae, and exudates has been measured by a variety of indirect methods (Frey 2019, Ouimette et al. 2020), with studies showing a range of differences between AM and EM-dominated communities, some finding greater overall C input flux in AM stands (Keller et al. 2021), while others variously find that EM communities accelerate decomposition (Brzostek et al. 2015; Carteron et al. 2022), or result in greater (Averill et al. 2013) or perhaps simply shallower (Craig et al. 2018) stocks of soil organic matter. Better understanding the relationships between these processes and soil health functions such as soil organic matter dynamics is critical in the face of ongoing N deposition, CO2 increases, and observed increases in the dominance of AM tree species relative to EM species (Jo et al. 2019). 
[bookmark: _heading=h.n2sr7sry1aua]Experiments investigating co-limitation
While challenging to establish and maintain, long-term soil experiments provide critical data about the responses of slowly equilibrating processes (e.g. accumulation of soil organic matter) to changes in ecosystem management and external forcings (Richter et al. 2007), with consequences both for the sustainable provision of forest products and for ecosystem services.  We are aware of only two full-factorial studies of response to N and P in temperate forests, and these were both short term with very high rates of nutrient additions (Mainwaring et al. 2014, Finzi 2009). Adding nutrients to test for limitation disrupts the balance among linked biogeochemical cycles regulating the supply and acquisition of different nutrients. Responses may change in magnitude or even direction over time, depending on how rapidly various processes can re-equilibrate, as has been documented in other ecosystem-scale experiments in forests (e.g. Melillo et al 2017, Paschalis et al. 2017). Therefore, a full understanding of the limitations to forest productivity, and especially the consequences of changing belowground processes for slowly accumulating soil C, requires experiments that are sufficiently long-term to accommodate adjustments by biota over a range of time scales - from soil enzyme production, to changes in biomass allocation aboveground and belowground, to resynchronization of nutrient 
cycles, and eventually tree species replacement. 
 
Our team has undertaken the world’s first long-term NxP factorial nutrient manipulation in temperate forests, initiated in 2011 in 13 stands of three ages distributed across three research sites in the White Mountains of New Hampshire. By adding relatively low levels of N and P over a long time period, we can monitor the development of nutrient limitation of temperate forest productivity both aboveground and belowground, including the contribution of rhizosphere C flux, and the consequences of these factors on the rate of soil C accumulation with depth. Simultaneously with these treatments, as with all long-term experiments, atmospheric CO2 concentrations continue to rise, layering an additional long-term resource manipulation on top of our fertilization experiment. In general, increasing CO2 is expected to intensify competition for belowground resources including N and P (Rogers et al. 1994, Pourmokhtarian et al. 2012), with possible consequences for the ratio of Callocated belowground. Meanwhile, reductions across the eastern US in inorganic N and especially S deposition relative to late-20th century
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	Figure 3.  Aboveground growth (average tree relative basal area increment) in treatment plots compared to controls.  Across all 13 stands (3 young, 5 mid-aged, and 5 mature) tree growth responded to P addition from 2011-2015 but to NP addition from 2015-2019.  Error bars are 90% highest posterior density intervals.


peaks is resulting in the slow de-acidification of soil (Tominaga et al. 2010, Likens and Buso 2012), which may ameliorate P deficiency.  

[bookmark: _heading=h.w69xocyd67j2]Ongoing and Completed Activities 
A summary of the findings from this work demonstrates the productivity of our research team and the value of continuing to build upon this knowledge base (Table 1). Here, we highlight some key results that motivate the current proposal.
In the early successional stands we found high tree mortality.  This likely contributes to the finding of low root growth relative to root biomass (Figs. 1,2), suggesting slow root turnover. The strong allocation aboveground and dependence on high nutrient availability in young forests (Fahey et al 1998) suggests that the rhizosphere C flux is also relatively low. In mid-successional stands, root growth was much greater than in young stands (Fig. 1), suggesting relatively high input from roots relative to aboveground sources at this successional stage.
Stem and root growth both appeared to be N+P co-limited on average in successional stands (Figs. 2,3), although variation aboveground was high among stands in the youngest forests (Goswami et al. 2018, Li et al. 2023). Depending on whether rhizosphere inputs respond in opposing or complementary ways to root responses (Bergmann et al. 2020), these results may indicate that high availability of N and P together promote soil C accumulation; we expect this effect to be most pronounced in mid-successional forests where belowground inputs are proportionately more important. 
Despite much higher root growth in N+P plots, fine root biomass is not significantly different among treatments (Fig. 2), indicating that root turnover is much higher in N+P plots. Higher fine root N concentrations are usually associated with shorter root lifespans (McCormack et al. 2012, Withington et al. 2006), but sometimes the opposite is found (Burton et al. 2000). If root turnover is driven by high metabolic cost, then the effects of tissue N concentration on turnover should depend on P limitation status.  In mature forests, aboveground growth was slow relative
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	Figure 4.  Response of forest biomass relative to the control to modeled additions of N (30 kg/ha/yr), P (10 kg/ha/yr) or N+P beginning at various ages since clearcutting (vertical lines) (Rastetter et al. 2013). The greater response to N in young stands and to P in mid-aged and older stands is consistent with our observations (Fig. 3).


 to successional forests (Fig. 3), tree mortality was highly heterogeneous in time and space, and, while responses to N and P were variable (Goswami et al. 20018, Hong et al. 2022), they suggest N+P colimitation most recently (Fig 3). Root growth appeared N-limited, but only in the absence of P (Shan et al; 2022 Fig. 1), suggesting single-nutrient limitation of belowground inputs. Rhizosphere inputs are expected to be high at this age and, again, we need to know how they compare to root growth, in terms of quantity and direction of response to nutrition, to predict total belowground response to N and P and hence inputs contributing to C storage. 
We have coupled this experimental work with the MEL model, which was used to predict changes in nutrient limitation and productivity following harvest of northern hardwoods (Fig. 4, Rastetter et al. 2013). Comparing our results to date with MEL predictions reveals needed conceptual refinements in model parameters.  For example, increased root growth in response to alleviating limitation contrasts with the representation of resource optimization that underlies root:shoot responses in the MEL model. Development of NP co-limitation on a much shorter timeline than expected based on MEL model output also suggests a need to refine model parameters influencing the nutrient recycling processes that dictate the re-synchronization of N and P cycles.   
The MELNHE project has produced 38 journal articles (since 2004) and 13 theses and dissertations (since 2010) and involved an impressive array of early career scientists and potential scientists, including 30 graduate students, 111 undergraduate students and hundreds of high school students. High school students have processed root samples from various soil depths, sorted leaf litter by species, evaluated herbivory by insects, analyzed soils, identified snails, built sap flow sensors, and learned data entry and analysis. Undergraduate student interns have participated in our summer field crews for most of the past two decades. These students are key to sustaining our experimental infrastructure: they help weigh and apply fertilizer, collect spring and summer litter, monitor soil respiration, and maintain equipment and location markers in our sites. Each intern, guided by more experienced mentors, also leads a modest individual project  investigating an as-yet unexamined aspect of ecosystem responses to the treatment experiment. Past interns have studied decomposition and nutrient immobilization rates in decomposing wood and litter substrates, fertilization effects on tree seed production and seedling establishment, changes in understory plant diversity, the abundance of ectomycorrhizal mushrooms, and new approaches to analyzing and combining existing data sets. Some of these past projects have contributed directly to the ideas and data presented in this proposal.   

[bookmark: _heading=h.sun05ywt5q0o]Rationale and Significance
Understanding the limitations of soil nutrient supply to productivity is critical in forests, which are quintessentially low-input production systems. Northern hardwoods (beech-birch-maple) extend across much of the northeastern and upper midwestern USA (Godman 1992), and provide substantial timber, fiber, and non-timber value to their communities, including, for example, maple syrup and tourism income. These forests are relatively slow-growing and have typically been managed without fertilization (Nyland 2016; Rogers et al. 2022). However, repeated harvesting depletes the soil stores of available nutrients (Federer et al. 1989, Vadeboncoeur et al. 2014), and the intensity of removal increases dramatically when biomass removal for energy is maximized, compared to harvesting for maximum timber value (Mann et al. 1988, Yanai 1998). Understanding the feedbacks between active allocation of carbon and nutrients by forest ecosystems–and the ecosystem services provided by forest soils–can be studied by experimentally manipulating nutrient availability over long time periods and watching ecosystems respond and re-equilibrate. Simulation modeling can be used to represent the current state of knowledge and test whether observations are consistent with theory.
The Multiple Element Limitation (MEL) model has has played a foundational role in the development of nutrient limitation theory, the synchronization of nutrient cycles within ecosystems, and the coupling of nutrient cycles with energy, carbon, and water fluxes (Rastetter and Shaver 1992, Rastetter et al. 1997, 2001, 2005, 2013). The MEL model simulates interactions among C, N, P, light, and water in terrestrial ecosystems based on resource optimization theory (Bloom et al 1985, Chapin et al. 1987). Under constant conditions, plants and ecosystems adjust toward a condition where all resources are equally limiting. 
We adapted and parameterized MEL for northern hardwood forests (Rastetter et al. 2013, 2022) and will continue to test model predictions of responses to the long-term nutrient addition experiment described in this proposal (Fig. 4). MEL predicted that over successional time in a harvested northern hardwood forest, N and P co-limitation would eventually develop as the cycles of these limiting nutrients were re-synchronized, correcting the disruption of synchrony 

Table 1. Selected previous work in our study sites, including pre-treatment soil and vegetation characterization and measured ecosystem responses to fertilization.  
	Pre-treatment

	· Root ingrowth cores suggesting P limitation in mid-aged stands (Naples and Fisk 2010)
· Pretreatment root chemistry differing with soil depth and site (Yanai et al. 2018).
· Characterization of among-stand variation in soil nutrients (Vadeboncoeur et al. 2012, 2014), weathering rates (Schaller et al. 2010), root biomass (Yanai et al. 2006, Park et al. 2007), and aboveground biomass and nutrient stocks (Fatemi et al. 2011)
· An improved version of the Multiple Element Limitation (MEL) model based in part on data from these stands, showing changes in limiting nutrients and shifts in optimal allocation with stand age and management (Fig. 4, Rastetter et al. 2013)
· Stand-scale nutrient depletion budgets with implications for sustainable forest management (Vadeboncoeur et al. 2014)
· Variation in foliar nutrient resorption (See 2013, See et al. 2015) and soil respiration (Bae 2013, Bae et al. 2015) showing significant effects related to stand age and nutrients
· Coupling of soil N and P availability across all study sites (Ratliff and Fisk 2016)
· AM and EM colonization rates declined differentially with soil depth (Nash et al. 2022)

Treatment effects
· Soil microbial responses indicating limitation by P and suppression by N of microbial respiration (Fisk et al. 2015); this pattern continues until the present.
· Responses of foliar chemistry and sugar content of maple sap, showing greater sap sweetness in response to N addition (Wild 2014, Wild and Yanai 2015)
· Responses of foliar chemistry of 10 species in 10 stands to nutrient treatment (Hong et al. 2022) and to nutrient treatment as a function of depth in the crown (Young et al. 2023)
· Foliar N and P resorption reflect treatment effects on the relative demand for N and P (Gonzales et al. 2019, 2023)
· Sap flow responses in multiple species in a subset of stands and treatments (Hernandez-Hernandez 2015, Zahor 2014, Rice et al. 2022)
· Negative effects of N and P treatments on survivorship of maple and beech germinants, corresponding with improved N and P nutrition and greater leaf damage (Goswami 2017)
· Initial post-treatment soil respiration, showing a greater response to N addition where soil N availability was low (Kang et al. 2016)
· Responses by resin-available soil nutrients, showing that treatments elevate nutrient availability and that P addition suppresses N availability (Fisk et al. 2014; Goswami 2017)
· Growth of trees post treatment, indicating aboveground P limitation of the average tree (Fig. 3, Goswami et al. 2018), but N limitation of the largest trees (Hong et al. 2022).
· Root growth was enhanced by N addition in mature stands (Shan et al. 2022) and by N+P addition in the youngest stands (Li et al. 2023).
· Mycorrhizal fungal communities on beech seedlings post-treatment (Barner 2016) and in soil ingrowth bags (Horton et al. 2018).
· Community composition of herbs (Dai 2023) and of fruiting bodies of ectomycorrhizal fungi (Victoroff 2020) reflected N and P addition.

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



associated with nutrient losses during and after harvest (Rastetter et al. 2013). The model predicted greater N limitation in early stages of recovery (stands 0 or 15 years old grew more with N or N+P addition than P addition), but P limitation later (stands 40 years old grew more in response to P or N+P addition than N addition); the greatest advantage of N+P addition was predicted in stands over 100 years old (Fig. 4). The MELNHE experiment has provided some support for the model, with weak evidence for N limitation in early succession and significant P limitation in older forests as of 2014 and progress towards co-limitation by 2019 Fig. 3). 

This work takes on particular importance in the rapidly changing northern forest environment. Decreased loading of atmospheric pollutants, especially acid deposition and N (Bernal et al. 2012), are interacting with CO2 fertilization and changing climate to alter soil nutrient availability with highly uncertain consequences for forest production and health. 
An improved mechanistic understanding and ability to model and predict changes in belowground allocation and consequent changes in carbon sequestration as soil organic matter will improve management outcomes by enabling recommendations for forest managers. For example, this work may inform silvicultural management to preferentially regenerate the mix of species with belowground strategies that increase sequestration of soil organic matter under nutrient-limitation trajectories predicted for a specific class of sites. Additionally, guidelines could be developed based on our data and models that would better identify nutrient limitation and thereby predict trajectories of soil C storage following management. Finally, if carbon markets develop that can incentivize more costly forest management practices (Kim and Langpap, 2015) to enhance the strength of managed forests as a C sink (for example, application of inorganic fertilizers, wood ash, or basalt; Sedjo and Sohngen  2012, Beerling et al. 2020, Buss et al. 2021, Lewis et al. 2021), then our model would be extremely useful in understanding the results of such amendments, estimating the timeframe of such sequestration, and identifying soils and species mixtures best suited for such interventions.

[bookmark: _heading=h.105nrhohm67m]Approach
We propose to continue plot-scale fertilization in 13 forest stands distributed across three sites in the White Mountain National Forest of New Hampshire. At the Bartlett Experimental Forest (BEF), we have six successional (third-growth) stands ranging in age from 33 to 48 and three mature (second-growth, 110+ year-old) stands. At both Hubbard Brook Experimental Forest (HB) and Jeffers Brook (JB) we have one mature and one successional stand (Table 2). Differing mineralogy of the glacial till at the three sites (see Methods, below) leads to a gradient in soil nutrient availability (Vadeboncoeur et al. 2014, See et al. 2015, Ratliff and Fisk 2016). These sites were chosen to represent a wide range of environmental conditions representative of northern hardwood ecosystems across northern New England. Thus responses to treatment could vary significantly across our sites (Kang et al. 2016), and our detailed characterization of soil fertility and tree nutrition prior to treatment will allow us to evaluate relationships between site quality and treatment responses. This is a strength of our study, as the generality of results from this experiment will be greater than from a typical single-site nutrient addition experiment. Each stand has four plots treated with N (30 kg N/ha/yr as NH4NO3), P (10 kg P/ha/yr as NaH2PO4), both N and P, and control, added annually since spring 2011.  
This long-term factorial fertilization experiment, with its extensive pre-treatment characterization and post-treatment monitoring, can be leveraged to answer new questions about  how nutrient limitation of forest ecosystems can affect soil health in terms of nutrient cycling and carbon sequestration. Our proposed work addresses the overarching hypothesis that changes in nutrient limitation alter the relationship of productivity to soil C via effects on belowground allocation.
[bookmark: _heading=h.4fq9j9bp3sl]Objective I. Test for limitation of above- and belowground productivity 

Hypothesis 1: Aboveground productivity is co-limited by N and P.
We will inventory tree diameters in 2024 to compare with 2011, 2015, and 2019 inventories, and we will continue to monitor litter production in litter traps, which we have done annually since 2008. Continued measurements of resin-available N and P will extend our time series describing fertilization effects on the relative availability of these nutrients in each plot.
Prediction: Tree diameter growth and aboveground productivity will be greatest in response to N+P, consistent with theories of co-limitation and with the results of the 2019 inventory.
Alternative Prediction: Aboveground productivity will be greatest in response to N addition, consistent with N oligotrophication and with the trajectory from P limitation in 2014 to N+P colimitation in 2019.
Alternative Prediction: Aboveground productivity will be greatest in response to P addition.  Oscillations between N and P limitation were predicted by the MEL model, but at longer time scales (Rastetter et al. 2013).

Hypothesis 2: Root biomass and growth are least when nutrient limitation of aboveground growth is relieved.
We will finish processing fine root biomass from root cores collected in 2021 and 2022, which will be compared with data from 2010 (pretreatment) and 2015-16 (Fig. 2).  We will measure root ingrowth into root-free cores in 2024-25, expanding on preliminary work (Tables 1, 3). 
Prediction: Root biomass and root growth will be reduced in response to addition of the element(s) most limiting to aboveground growth. According to optimization theory, alleviating nutrient limitation should reduce allocation of effort belowground.
Alternative Prediction: The response of root biomass and growth will mirror that of responses to aboveground productivity, increasing in response to the same nutrient that increases aboveground productivity.
Alternative Prediction: The response of root biomass and growth will depend on the type of mycorrhizal association, with relative increases in AM roots in response to N fertilization and in ECM roots in response to P fertilization.  

Hypothesis 3:  Root N and P concentrations reflect nutrient limitation of root growth
We will analyze nutrients in roots collected from all 13 stands in 2010, 2016-18, and 2021-22.  Stable N isotope analysis of a subset of root samples will provide an estimate of soil depth from which root biomass nitrogen was sourced.
Prediction: Root nutrient concentrations will parallel those of foliar nutrient concentrations: N and P will be increased by addition of that element, but reduced by addition of the other element, reflecting luxury consumption and dilution, respectively, as expected in a system close to co-limitation.
Alternative Prediction: Root N and P concentration responses will differ from those of foliage, due to differences in growth limitation above- and belowground. Specifically, in successional stands, N and P concentrations will not be reduced by the addition of the other element, and in N+P addition, increases will be minimal, consistent with enhanced root growth. In mature stands, concentrations will reflect N limitation of root growth.
Prediction: The depth distribution of N and P concentration will reflect greater N availability in surface soil and greater P availability at depth. 
Prediction: Natural-abundance stable N isotope ratios in deeper roots will show an increased reliance on N sourced from shallow soil depths in P-fertilized plots but a reduction in N-fertilized plots.
[bookmark: _heading=h.l0ky72xd38xa]Objective II. Determine effects of nutrient availability on soil C pools and fluxes

Hypothesis 4: Root turnover is increased by nutrient addition
Root turnover rates will be indicated by the ratio of root ingrowth to standing biomass (Hypothesis 2).
Prediction: Root N concentration is the best predictor of root turnover, as has commonly been observed and attributed to higher metabolic activity associated with higher uptake rates.
Alternative prediction: Root turnover will be sensitive to P and not just N, consistent with root growth results if balanced nutrition is necessary to optimize metabolic activity.  

Hypothesis 5: Belowground carbon allocation is proportional to belowground root growth.
Belowground carbon allocation will be measured as soil respiration minus aboveground litter input and change in soil carbon stocks. Rhizosphere fluxes of root-derived carbon to the soil will be quantified in an additional set of ingrowth cores filled with 13C-enriched soil.
Prediction: Belowground carbon allocation will be increased by increased root growth (measured to test Hypothesis 2) 
Prediction: Soil rhizosphere flux will be increased by increased root growth
Alternative prediction:  Soil rhizosphere flux will be inversely related to root growth, since mycorrhizal fungi can functionally substitute for the functions of higher-turnover fine roots
Prediction: Residual variation in root rhizosphere flux not explained by root growth will be explained by mycorrhizal status, being greater in cores dominated by AM than by EM roots.

Hypothesis 6: Soil carbon pools respond to rhizosphere carbon flux
Pre-treatment soil carbon pools were characterized with quantitative soil pits and power cores.  We will re-measure changes in soil carbon concentration in each depth increment and use the previous estimates of soil volume and bulk density to scale these up to carbon stocks and fluxes.
Prediction: Soil carbon pools are sensitive to belowground carbon allocation to a greater degree than by root production, consistent with the greater stability of carbon in root exudates and mycorrhizal fungal necromass.
Alternative prediction: Changes in soil carbon pools are best explained by root production across the sites, stands, and nutrient addition treatments.
Prediction: Residual variation in accumulation of soil carbon not explained by root production or belowground carbon allocation will be explained by the mycorrhizal type of the nearby trees and will be greater in AM than EM dominated soils.
[bookmark: _heading=h.8nvorttna064]Objective III. Evaluate improved understanding of co-limitation via the MEL model 
	The MEL model will serve as means to synthesize results of the project and link those results to the large volume of data already available from northern hardwood forest ecosystems. Underlying questions to be addressed in these syntheses are: Do all the data currently available fit together in a self-consistent representation of the linked C, nutrient and water dynamics of northern hardwood forests? If not, why not, and how does MEL have to be changed to accommodate the discrepancies? 
Mixed effects models will also aid in synthesizing results from our field experiments to test hypothesized pathways of plant and soil contributions to tree growth and soil organic matter responses. Quantitative predictive outcomes from these models will contribute to refining parameters of the MEL model, which serves as a means to examine the whole-ecosystem consequences of our experimental results. For example, we expect the results to show differences both among our sites and in response to the nutrient additions in aboveground and belowground biomass and productivity. These changes can be studied in the model by changing the parameterization of the affected processes. In the model, these parameter changes will result in changes in process rates, which will then have effects that propagate all through the system. Do such changes result in ecosystem-level feedbacks that dampen or amplify the direct effects? If the parameter changes can be associated with other dynamics in the model (e.g., increased light use efficiency as the canopy closes), then the parameters can be replaced by equations describing the association, thereby allowing a more dynamic examination of the long-term consequences of our findings. An improved MEL model will allow us to explore the importance of resource limitation to future forest productivity and soil carbon responses to continued anthropogenic N deposition, increasing CO2, and changing precipitation and temperature scenarios.
Methods
Study Sites
We will test our hypotheses by making measurements in a previously established plot-scale fertilization experiment in the White Mountain National Forest in New Hampshire. The experiment involves three sites separated by ~50 km (Fig. 5). Soils are Spodosols and Inceptisols developed in glacial till; the complex geology of the White Mountains results in varied soil mineralogy. Due to the lack of earthworms or other macrofauna to vertically mix the surface soil, forest floors of these soils include an Oa layer comprised of humus averaging 60% organic matter which is 2 - 8 cm thick (Vadeboncoeur et al. 2012), and contains 34% of total root biomass (Yanai et al. 2006, Park et al. 2007). Soil fertility (in pools that are available at a range of different time scales, e.g. exchangeable, organic, and primary mineral pools) varies widely among stands and was well characterized prior to the initiation of fertilization treatments (Vadeboncouer et al. 2014, Ratliff and Fisk 2016).
The climate is humid continental.  Precipitation has been increasing, with an average precipitation of 1400 mm, and continuous snow cover from December to April (Hamburg et al. 2013, Campbell et al. 2022). Average monthly temperature ranges from -9 to 18 C. Soils are predominantly well-drained; soil moisture differs across stands, but no significant treatment effect on soil moisture has been observed. Study stands range in age from 30 to >130 years (Table 2) and naturally regenerated following logging for even-aged management, a common silvicultural system in this forest type. Composition is typical of northern hardwoods, dominated by sugar maple (Acer saccharum), American beech (Fagus grandifolia), and yellow birch (Betula alleghaniensis) in mature stands. Pin cherry (Prunus pensylvanica), white birch (Betula papyrifera), and red maple (Acer rubrum) dominate the younger stands (Table 2). 
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Figure 5. MELNHE is a factorial N x P fertilization experiment replicated in 13 stands: 2 at Jeffers Brook, 2 at Hubbard Brook Experimental Forest, and 9 at Bartlett Experimental Forest. Light green shading shows the White Mountain National Forest, and green outlines delineate the two experimental forests. The inset shows the layout of the four 50 x 50 m treatment plots at an example stand (C9); within each stand treatments were assigned randomly to each of four plots, selected to be similar in species composition, topography and disturbance history. 


Table 2. Selected characteristics of the 13 stands. x indicates dominant species:  FAGR = beech, BEPA = white birch, BEAL = yellow birch, ACSA = sugar maple, ACRU = red maple, PRSE= pin cherry.
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Nutrient Manipulations
Each stand has four plots (e.g. Fig 5 inset) treated with N (30 kg N/ha/yr as NH4NO3), P (10 kg P/ha/yr as NaH2PO4), or both, and a control. The form of nutrient addition is important: our P source does not contain Ca, unlike most P fertilizers. Annual additions of N and P began in spring 2011 and will be continued throughout this proposed research. These relatively modest rates (relative to single-event fertilization studies, e.g. as reviewed by Lebauer and Treseder 2008, Vadeboncoeur 2010) are designed to alter site fertility and maximize nutrient retention over the long term while minimizing acute artifacts associated with high doses of fertilizer. 
All study plots are 50 x 50 m, except in two successional stands where 30 x 30 m plots were the largest that fit within the even-aged management unit. In all plots, we avoid the edges of the treated area and conduct both aboveground and belowground measurements at least 10 m from plot boundaries (5 m in plots that are only 30 x 30 m).
[bookmark: _heading=h.kq40mcx311po]Methods for Objective I: 
Test for co-limitation of aboveground and belowground productivity

Hypothesis 1: Aboveground productivity is co-limited by N and P

Tree growth. We measured trees by species and size class (>10 cm, 2-10 cm, and < 2 cm DBH) in the 30 x 30 m measurement area within each study plot prior to initiating treatments (2008-2011) and in 2015 and 2019. We will repeat these measurements in 2024, the 14th year of treatment, to test for continued growth response to treatments. Tree biomass (by component part) will be estimated for all trees in the measurement area of each plot using the allometric equations developed and validated in the White Mountains for northern hardwood species in early- and late-successional forests (Whittaker et al. 1974, Siccama et al. 1994, Fahey et al. 1998, Arthur et al. 2001), supplemented by allometric equations developed for the young stands in our study (Fatemi 2007; Fatemi et al. 2011). These allow us to estimate the growth increment of biomass of perennial tissues (woody biomass production).  All trees > 10 cm DBH are tagged, allowing net biomass increment to be separated into growth and turnover, by species and plot.
Foliar production. Litterfall is collected in all 13 stands three times per year, in 5 traps per plot, systematically located in the center and four corner subplots (Mann 2021, Mann et al. in review).  Leaf litter and other fine litter (excluding twigs and branches) is dried at 60C and weighed.  In a subset of past years, leaf litter has been sorted to species which is useful for distinguishing foliar production of AM vs EM functional groups. These trends are currently under analysis for a PhD dissertation and will be useful to interpreting our results. 
Aboveground net primary productivity will be calculated as the sum of woody biomass production and fine litter production. 

Hypothesis 2: Root growth is least when nutrient limitation is relieved

Fine root biomass was collected by soil coring at about the time of peak biomass (Fahey and Hughes 1994) in all 13 stands in late summer 2010 (pretreatment), 2015-16, and 2021-22. Soil cores were extracted from each plot to 30 cm depth using a PVC corer). Roots are hand-sorted from cores for the 0-10 and 10-30 cm depth increments and classified by diameter (<1.0 mm, 1-5 mm). Dead roots are separated from live roots based on morphological criteria (Bledsoe et al. 1999). Samples collected in the first two sampling rounds have been completely processed; the roots collected in 2021-2022 will be completed in the time frame of this proposal.
Root ingrowth cores (Vogt and Persson 1991, Fahey and Hughes 1994) will be used to quantify root growth responses to treatments. In late summer 2024, 10 replicate soil cores (6 cm diameter, 30 cm deep) will be extracted from each plot and replaced with uniform mixtures of root-free soil collected from the treated buffer zone within each plot, divided into Oa and mineral horizons, and re-filled based on the mean depth of the Oa at each stand. Ingrowth cores will be collected after 12 months, following methods previously used with success in a subset of these study sites (Naples and Fisk 2010, Shan et al. 2022; Li et al. 2023). Fine root ingrowth (< 1 mm diameter) will be quantified by measuring the biomass and length of roots colonizing cores. Ingrowth root samples will be sorted (Yanai et al. 2008 Vadeboncoeur et al. 2023) to distinguish roots of AM vs EM tree species. Although the ingrowth core technique does not give unbiased quantitative estimates of fine root production (Tierney and Fahey 2007; Ouimette et al. 2020), it will provide a reliable assessment of relative root growth responses to the treatments.  

Hypothesis 3:  Roots can be limited by a different nutrient than shoots

	[image: A graph of soil and soil

Description automatically generated]

	Figure 6:  Root and soil depth profiles of ẟ15N, measured in 8 hardwood stands at the Bartlett Experimental Forest.  Greater 15N depletion of fine roots relative to soil with depth is interpreted as being due to a net downward translocation of shallow-soil N to growing roots at depth.  Data from Ouimette et al. (2020)


Foliar N:P ratios have been used as an indicator of N vs. P limitation of primary production, with varying success (Hong et al. 2022). We will explore the analogous indicator of nutrient limitation of belowground production. As with foliage, fine root nutrient concentrations can be highly plastic (Kramer-Walter and Laughlin 2017) responding to variation in soil properties; for example, Yuan et al. (2011) observed a latitudinal pattern of decreasing fine root N:P that reflected differences in relative availability of the two nutrients. However, relationships of root tissue chemistry to forest productivity can be complex (Alvarez-Clare and Mack 2015). The large variation in fine root growth across our plots and treatments (Fig. 1) affords an opportunity to explore these relationships, including the possibility that unbalanced nutrition can constrain fine root production.
Fine root nutrient concentrations will be measured in the roots collected for biomass, which have been archived for the two earlier collection dates and are still being processed for the most recent collection.  Roots will be composited by plot, diameter class, and depth class. Nitrogen concentrations will be determined with a FlashEA 1112 analyzer (Thermo Scientific). Phosphorus concentrations will be obtained by inductively coupled plasma optical emission spectroscopy with an Optima 5300 DV (Perkin-Elmer) after ashing and digestion with 6N nitric acid.
Depth profiles of stable N isotopes in fine roots Strong depth gradients of nitrogen isotope ratios (ẟ15N) are common across many terrestrial forest soils (Högberg et al. 1996, Hobbie and Ouimette 2009,  Nel et al. 2018, Vadeboncoeur et al. 2023), caused by progressively greater microbial processing of organic matter with depth, as well as greater importance of mycorrhizal fungal biomass at depth. These patterns have been used to infer effective differences in depth of nitrogen uptake among co-occurring plant species (Kohzu et al. 2003, Houle et al. 2014).  When examined together, fine root ẟ15N of shallow soil layers generally closely tracks the ẟ15N of the surrounding soil, with an offset associated with fractionation via the fungal mycorrhizal partner.  In preliminary data collected outside our study stands at BEF, we have observed that the gap in ẟ15N between roots and the surrounding bulk soil increases with depth (Fig. 6). A major driver of this gap is likely the decoupling of N uptake and the site of assimilation in fine root tissue, i.e. that deeper fine roots are a net sink for N acquired in more shallow parts of the soil profile. We will analyze intact roots in 3 soil profiles in 6 study stands, and pair these data with measurements of bulk soil ẟ15N, as well as the ẟ15N of resin-available ammonium and nitrate (Gurmesa et al. 2022) to estimate the contribution of shallow (<10 cm depth soil) to root biomass N at a standardized maximum sampling depth of 30 cm. 
[bookmark: _heading=h.ltdjhhob3bfd]Methods for Objective II: 
Determine effects of nutrient availability on soil C pools and fluxes

Hypothesis 4:  Root turnover is increased by nutrient addition 

We use the ratio of growth rate to standing biomass as an index of root turnover; methods for both of these measurements are described above for Hypothesis 2.

Hypothesis 5: Belowground carbon allocation is proportional to belowground root growth

Soil respiration will be estimated in each plot as CO2 efflux using a LI-COR 8100. Seven permanent soil collars in each plot have been monitored since 2009. Standard precautions to minimize bias will be taken (Davidson et al. 2002, Fahey et al. 2005). Measurements will be taken every three weeks throughout the snow-free period (April-November). Soil temperature and moisture will be measured at each sampling. To estimate annual soil respiration we will rely on year-round measurements from the HBEF to impute fluxes in winter (Fahey et al. 2005).
Belowground carbon allocation (Nadelhoffer and Raich 1992) will be calculated as soil respiration minus aboveground litter production (measured for Hypothesis 1, above), accounting for changes in soil carbon storage (measured for Hypothesis 5, below).
Flux of root-derived carbon into the soil will be measured in a parallel set of 10 replicate root-ingrowth cores per plot, filled with uniform mixtures of root-free soil collected from a New Hampshire agricultural field with many decades of corn production (a C4 plant, estimated soil ẟ13C = -18‰). Ingrowth soil will be mixed with carbonate-free sand to the degree needed to match the texture of the surrounding soil. The ẟ13C difference between the isotopically enriched ingrowth soil and the C3-derived inputs from roots (including exudates and allocation to extraradical biomass of mycorrhizae, estimated at -29‰) will allow a simple mixing model to determine plot-level differences in the exudation of stabilizable carbon (Martinez et al 2016, Zhang et al. 2018, Keller et al. 2021) over 24 months. This method is especially sensitive to measuring plot-scale differences in these fluxes, and complements the parallel ingrowth core approach using native soil collected from within each plot. While there are methodological biases inherent in all ingrowth core approaches (and other in-situ methods for measuring belowground C and nutrient fluxes), they provide a strong basis for comparison of differences between well-paired plots receiving different treatments.  In particular, if ingrowth to the isotopically enriched soil differs from the cores filled with native soil, rhizosphere carbon fluxes can be expressed by scaling to the root ingrowth observed in the native soil ingrowth cores. 

Hypothesis 6: Soil carbon pools are affected by rhizosphere carbon flux
We will re-sample forest floor (Oie and Oa horizon) C and N content in all 13 stands for comparison to pre-treatment samples (Vadeboncoeur et al. 2012, 2014, Levine et al 2012, plus additional unpublished data). From each plot, 12 forest floor samples will be collected as blocks, consistent with past sampling efforts (Yanai et al. 2000, 2003). Samples will be dried at 60 C, homogenized, and analyzed for total C and N. Below each forest floor sample, we will sample mineral soils, again replicating sampling procedures used previously (Levine et al. 2012) in increments of 0-10 cm and 10-30 cm below the top of the mineral soil. A subset of samples (3 per plot) will include an additional 30-50 cm depth increment. We will calculate net C and N sequestration from 2010 to 2024 based on the change in C and N concentrations and the pretreatment bulk density and coarse fraction (cf. Clancy et al. 2023), because we are not likely to detect changes in these properties. Detecting net change in soil carbon in heterogeneous forest soils derived from rocky till can be challenging (Vadeboncoeur et al. 2012), but previous (similarly intensive) soil monitoring efforts at Hubbard Brook have shown significant changes in soil carbon (and subsequent reversal of these changes) following experimental forest harvest over an equivalent 15-year time period (Hamburg et al 2019).
Dominance of EM and AM tree species will be described by the size, proximity, and species of trees within 10 m of each sample location, using the sum of the arctangent of tree diameter and distance from the sampling point (Contreras et al. 2011, Rouvinen et al. 1977). We will use data from the tree inventory conducted for Hypothesis 1 and our existing maps of stem locations augmented by ingrowth since the last inventory. 
[bookmark: _heading=h.2bsnhyvqp1ts]Methods for Objective III: 
Evaluate improved understanding of co-limitation via the MEL model

	The MEL model is designed to simulate ecosystem changes in biogeochemical stocks and fluxes as a consequence of dynamic changes in plant allocation towards optimizing acquisition of limiting resources. It uses a mass-balance approach to couple ecosystem C, nutrient, and water fluxes (Rastetter et al. 2013, Pearce et al. 2015) and operates at a plot scale with daily output using a variable time-step, 4th/5th order Runge-Kutta integrator to solve a system of first order differential equations (Press et al. 1986). It partitions vegetation allometrically into active (leaves plus fine roots) vs. woody biomass. The active biomass is partitioned between leaves and fine roots based on the relative limitation by canopy (CO2 and light) vs. soil resources (nutrients and water). The model partitions detritus into Phase I and Phase II soil organic matter (SOM; Melillo et al. 1989) and debris (coarse woody debris and standing dead plant material). The debris is gradually converted to Phase I material where it begins to decompose. Phase I SOM represents the young, more active, organic matter and implicitly includes microbial biomass. Phase I SOM both mineralizes and immobilizes nutrients and turns over relatively quickly. Phase II SOM does not immobilize nutrients but continues to mineralize nutrients and release C at a slow rate.
	The heart of the MEL model is a dynamic algorithm that allocates plant assets (such as biomass, enzymes, carbohydrates, etc.) toward the uptake of resources from the environment (light, CO2, H2O, NH4, NO3, DON, N-fixation, and PO4). These assets are implicitly represented as an aggregate uptake potential that is assumed to increase in proportion to the active vegetation biomass. The allocation algorithm calculates changes in the fraction of these uptake assets (effort) allocated toward acquiring each resource based on the resource optimization hypothesis (Bloom et al. 1985, Chapin et al. 1987) This algorithm will drive the model toward a state where the ratio of acquisition to requirement is the same for all resources and in that sense toward a state where all resources are equally limiting (Bloom et al. 1985, Chapin et al. 1987). We have already calibrated and used the model to assess the synchronization of N and P cycles in our study system (Fig. 4, Rastetter et al. 2013).
Recent applications of MEL include assessing the synchronization of N and P cycles in hardwood forest through secondary succession (Rastetter et al. 2013), the recovery of tundra from thermokarst (Pearce et al. 2015) and from fire (Jiang et al. 2015), a 3-site comparison of recovery from disturbance (Kranabetter et al. 2016), and a 12-site comparison of response to climate change (Rastetter et al. 2022).
Mixed effect models will be used to test treatment effects on forest productivity, belowground C inputs, and soil C accumulation, and to test the relative importance of the various C inputs (leaf, stem, root, mycorrhizae), sites, forest age, and soil N and P availability as predictors of soil C accumulation.  The outcomes of this framework will be used to refine parameters and further develop the MEL model to better connect predictions of nutrient availability controls of allocation, productivity, and soil C dynamics. 
Our growing understanding of the importance of rhizosphere and other labile C inputs to soil C needs to be incorporated into MEL. Based on the analysis of empirical results from our field experiment we will adjust the allocation of effort towards belowground acquisition of N and P. We will use the improved model to explore the importance of ecosystem acclimation on different soil types to changing resource limitation under various scenarios of N deposition, elevated CO2, and climate change. Understanding the limits to resource optimization, as tested in our field experiments, will direct the future development of ecosystem theory as well as improve management of forest ecosystems under changing environmental limitations.  
[bookmark: _heading=h.5uzdq6i5bgkb]Outputs and Communication of Results

Continued treatments and measurements on these plots will contribute to better understanding of the transient and long-term responses of processes affecting nutrient co-limitation in forests of varying successional stage and initial fertility. This information is important to managers and policymakers as well as to the scientific research community. To ensure that the results of the proposed research reach this broader audience, we will use extensive and ongoing relationships with forest managers (White Mountain National Forest), the general public (Hubbard Brook Science Links Program), and K-12 educators (Environmental Literacy Program and Forests For Every Classroom), facilitated by the Hubbard Brook Research Foundation (http://hubbardbrookfoundation.org).
Of interest to the scientific community, we will produce 2 master’s theses and one PhD dissertation, and publications on above and belowground production, nutrient limitation of root growth and turnover, rhizosphere carbon fluxes and changes in soil carbon stocks with treatments manipulating nutrient limitation.  Publications will be targeted to journals read both by researchers and by forestry professionals, such as Plant and Soil, SSSAJ, Canadian Journal of Forest Research, Forest Ecology and Management, and Journal of Forestry.  Presentations will be made at regional and national meetings attended by the scientific community and forestry professionals (e.g ESA, AGU, SSSA, as well as SAF and NESAF).  We will continue our tradition of MELNHE sessions at the annual Hubbard Brook Cooperator’s meeting, which have proven fruitful for engaging interest from scientists with a wide variety of ecological expertise, some of whom have collaborated on investigating additional ecosystem-scale responses and improving methods.  Other products of this work will include data sets, provided on our project web site and the Environmental Data Initiative; archived samples, located in the Long-Term Storage system at SUNY-ESF and in the physical archive building at Hubbard Brook; and code and compiled software for the MEL model, hosted by the Ecosystems Center at MBL.  
[bookmark: _heading=h.56woducw1m45]Project Timeline
Table 3. Schedule summarizing more than two decades of activities in the MELNHE experiment including the proposed 3 years of the project. Plots were established and characterized beginning in 2004; fertilization began in 2011. Some listed measurements do not directly relate to soil outcomes but provide the ecosystem- scale context necessary for understanding processes closely tied to changes in soil health. 
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Key:  X – measurements in all stands; x – measurements in selected stands. 
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year elevation aspect slope EM species AM species

Site Stand cut (m) (%) FAGR BEPA BEAL | ACSA ACRU PRSE
BEF C1 1990 570 SE 5-20 X X X X X
BEF C2 1988 340 NE 15-30 X X X X X
BEF C3 1980 590 NNE 8-20 X X X X X X
BEF C4 1978 410 NE 20-25 X X X X X
BEF C5 1976 550 NW 20-30 X X X X X
BEF C6 1975 460 NNW 13-20 X X X X X X
BEF C7 1890 440 ENE 5-10 X X X X

BEF C8 1883 330 NE 5-35 X X X

BEF C9 1890 440 NE 10-35 X X X

JB  JBM 1985 730 WNW  25-35 X X X X X
JB JBO 1900 730 WNW  30-40 X X X

HB HBM 1971 500 S 10-25 X X X X X X
HB HBO 1910 500 S 25-35 X X X
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Prior Activities by year Proposed
Task '04-10{'11 '12 "13 '14 '15 '16 '17 '18 '19 '20 '21 '22 '23|'24 '25 '26
Fertilization X X X X X X X X X X X X X|X X X
Soil Cand nutrient stocks X | x X X
Tree measurements X | X x X X X
Litterfall mass X [X X X X X X X X X X X X X
Litterfall mass by species X X X X X X
Litter nutrient concentrations X X x x X X X X
Foliar nutrients by species X X X X X X
Soil respiration X [X X X X x X x X X X X X X
Root biomass cores X X X X X
Root ingrowth (plot soil) X X X X
Root ingrowth (13 C-enriched) X
Root type sorting X X
Resin-available N and P X X X X X X X X
N mineralization X X X
MEL Modeling X | X X X
Structural Equation Modeling X





