Project Summary

Understanding the factors controlling nutrient uptake is essential to the advancement of ecosystem science and to the sound formation of environmental policy.  Unfortunately, ecosystem nutrient uptake cannot be measured directly, in contrast to ecosystem inputs, outputs, and various aboveground fluxes.  There are basically two approaches to estimating nutrient uptake.  Uptake can be calculated by mass balance based on certain ecosystem fluxes: litterfall, root turnover, foliar leaching, and biomass increment. Alternatively, uptake can be calculated using nutrient uptake models, which depend on knowing root surface area, root uptake kinetics and the simulated concentration of the soil solution at the root surface.  The potential of nutrient uptake models to provide accurate predictions has been confirmed by their success with field crops, but has yet to be demonstrated successfully in forest ecosystems.  

The purpose of this project is to identify the most important gaps in our current understanding of nutrient uptake processes in forests at the ecosystem scale. Our approach involves the parameterization of a nutrient uptake model and comparison of the results to ecosystem budgets of nutrient uptake across a variety of forest ecosystem types. The strength of the cross-site comparison is that different processes are likely to be important at different sites.  The value of the NSF-LTER program and other long-term ecological research programs is the availability of data required for nutrient budgets and nutrient uptake models. The sites involved in this project are Huntington Forest, NY; Hubbard Brook Experimental Forest (LTER), NH; Harvard Forest (LTER), MA; Walker Branch Watershed, TN; Calhoon Experimental Forest, NC; Fraser Experimental Forest, CO; Loch Vale, CO; and Luquillo Experimental Forest (LTER), PR.

One reason for the lack of success of nutrient uptake models in forest ecosystems is that they omit processes likely to be important in forest ecosystems, such as the effects of roots on mineral weathering and mineralization rates and the effects of mycorrhizae. A second reason is the greater difficulty in measuring certain root and soil properties in forests than in agricultural fields.  Comparing model outputs with uptake budgets for a number of nutrients across a wide range of ecosystem types will allow us to test hypotheses about the importance of omitted processes and to determine where improved measurement would most enhance uptake estimates.

A final limitation to the application of uptake models has been the absence of information on root uptake kinetics for mature trees in unmanaged soil conditions.  Studies of uptake kinetics have been conducted on annual plants or seedlings; excised roots of trees have rarely been studied at concentrations representative of natural systems. We will measure nutrient uptake kinetics in situ in the dominant species of our eight sites, none of which have been measured in this way before.

This study will test hypotheses in three areas.  First, the comparison of budgeted with simulated uptake will reveal the circumstances under which various model assumptions fail.  Second, analysis of parameterized models will identify which parameters are most important to specify accurately.  Finally, we will provide new data on uptake kinetics across a range of non-agricultural species and conditions.  Both errors in parameter values and errors in model assumptions must be identified and corrected before uptake models can make useful predictions.

I.
Introduction

Plant nutrient uptake is a key component of nutrient cycles within an ecosystem, but it is never measured directly.  In nutrient budgets, it is generally estimated by difference based on other fluxes, such as litterfall, biomass accumulation, and root turnover.  Biogeochemical cycling budgets have long served as a reference point from which to measure the impact of perturbations on ecosystems, ranging from forest cutting (Likens et al. 1970) to acidic deposition (Johnson and Lindberg, 1992) to the elevation in atmospheric CO2 (Zak et al. 1993). This budget approach to calculating nutrient uptake is no more accurate than the least certain of the component fluxes, but it is consistent with other measurements taken at the ecosystem scale.

An alternative to budgeting as a method of estimating ecosystem nutrient uptake is the application of simulation models of uptake at the root surface.  Models include a representation of the processes thought to be most important in explaining a phenomenon, and therefore have the advantage that the choice of important processes to include and the means of representing them can be tested against observations.  They also have the potential to predict behaviors outside the range of current observations, which is important in managing the response of ecosystems to environmental stress.  

While ecosystem budgets of uptake rely on estimates of ecosystem fluxes, nutrient uptake models use a different set of parameters, almost entirely independent of the ecosystem set.  The models describe the movement of solutes through the soil by mass flow and diffusion and uptake at the root surface (Nye and Tinker 1977, Barber 1984).  The most important parameters are root length, soil solution concentrations, and uptake kinetics (Williams and Yanai 1996).  Additional parameters are root radius, root length density, water uptake rate, the effective diffusion coefficient, and the soil buffer capacity (Yanai 1994). 

These models, which predict nutrient uptake per unit of root length or surface area, have been quite successful in predicting nutrient uptake by crop plants (Barber 1984), but they have not yet proven very useful for forests (Kelly 1993, Kelly and Mays 1999).  One reason is that most measurements of nutrient uptake kinetics have been made on annual crop species. Tree species and other perennial plants have been studied primarily using seedlings: black locust (Gillespie and Pope 1990), loblolly pine (Kelly et al. 1992), red spruce (Cumming et al. 1986), and loblolly and ponderosa pine (Bassirirad et al. 1997), despite the fact that seedling physiology differs dramatically from that of mature trees (Eissenstat and Achor 1999).  Excised roots have been used to study N uptake by loblolly pine (BassiriRad et al. 1996) and P uptake in apple and citrus  (Bouma et al. in prep). Excision of roots, however, leads to declining rates of gas flux and changes in ion uptake within hours after excision (Bloom and Caldwell 1988). Measurements of uptake by intact roots of mature trees include N and P uptake by apple (Bhat 1983), N uptake in slash pine (Escamilla and Comerford 1998), N and S uptake by spruce (Rennenberg et al. 1996) and N uptake by spruce and beech (Gessler et al. 1998).

Other reasons that models of nutrient uptake have succeeded in agricultural ecosystems but failed in forests are related to the lack of validity for forests of various simplifying assumptions made for high-fertility agricultural systems over short time periods (one growing season at most).  In forest ecosystems, it may be necessary to consider additional processes, such as enhanced mineralization in the rhizosphere, the effect of roots on mineral weathering, and the action of mycorrhizae.  Certain parameters are also more difficult to measure in forests, such as the total root surface area and seasonal changes in the proportion of active new roots.

The primary objective of this project is to identify the principal weaknesses in our understanding of nutrient uptake by comparing ecosystem budgets with model simulations.  Making this comparison will require measuring uptake kinetics in mature trees in a variety of ecosystems ranging from subalpine conifer forest to tropical rainforest, a contribution to the field of nutrient cycling in its own right.  The existence of well-studied ecosystems, supported by NSF-LTER and other agencies, makes it possible for us to both budget and simulate nutrient uptake at these sites without making many new measurements.  The variation in ecosystem properties across these sites will contribute to the specificity of the weaknesses we can identify, and the improvements we can recommend, to the representation of processes and the measurement of variables important to nutrient uptake in ecosystems.
II.  
Objectives

To determine the biggest gaps in our current understanding of nutrient uptake processes at the ecosystem scale, we will compare estimates of uptake from nutrient budgets and from simulation modeling for a range of ecosystem types.

Our expected results or hypotheses fall into three categories.  First, we expect to reveal the circumstances under which various model assumptions fail.  Second, we expect to identify the parameters that are most critical to measure accurately.  Both types of errors, those in model assumptions and errors in model parameterization, must be identified and corrected before uptake models can make useful predictions for ecosystem scientists.  Finally, by measuring uptake kinetics in a new range of species and circumstances, we will advance the state of knowledge of physiological uptake capacity.

1. Hypotheses concerning model assumptions
(a) Where N is most limiting, as indicated by solution concentrations of NO3- and NH4+, we expect the greatest underestimates of N uptake by the model.  We expect this result because of the importance of processes not represented in the model, such as the enhancement of mineralization in the rhizosphere or the uptake of amino acids.

(b) In soils and horizons with low P availability and high P buffering capacity, the model will underestimate budgeted P uptake.  We expect this result because of the action of roots and mycorrhizae in obtaining P directly from soil surfaces. 

 (c) For Ca and K, the best agreement will be found in those ecosystems in which mineral weathering is a very minor source of nutrients.  We expect this result because the action of roots in solubilizing minerals in the rhizosphere is not included in the model. 

2. Hypotheses concerning parameter uncertainty
(a)
Representing the temporal variation in nutrient concentrations in soil solution will improve model estimates, compared to using growing-season averages. The improvement will be greatest for N and P--usually the most limiting nutrients--if uptake capacity is highest relative to solution concentrations for these nutrients.

(b)
Representing seasonal variation in uptake capacity will improve model estimates of annual uptake, especially in combination with soil solution concentrations, if roots optimize their ability to acquire nutrients.

(c)
Error analysis will confirm that, among all the model input parameters, root length contributes the greatest uncertainty to the simulation of uptake. Similarly, among all the budget parameters, root turnover will contribute the greatest uncertainty to uptake budgets.

3. Hypotheses concerning nutrient uptake kinetics
(a) For limiting nutrients, uptake will be linear with concentration in the range of observed soil solution concentrations, while other elements will display saturation kinetics.

(b) Physiologic capacity for uptake will be highest at the time of root and shoot flushes. We expect root flushes to be more important than shoot flushes in explaining the observed variation in uptake parameters.

(b) Variation in the proportion of root surface area occupied by new, unsuberized, “white” roots (measured by color with WinRhizo) will explain most of the measured variation in physiological uptake capacity within species but not the differences between species.

III. Methods

Achieving our objectives requires accomplishing the following tasks.  (A) We will estimate elemental uptake at the forest stand level (i.e., in mol m-2) using nutrient budgets at each site. (B) We will refine methods for measuring nutrient uptake on intact roots of mature trees, and measure uptake kinetics in dominant species from eight different ecosystems at three different times.  We will measure characteristics of roots that may prove helpful in explaining the variation observed.  (C) We will simulate stand-level nutrient uptake for each site, based on root surface area, solution concentrations, and the measured uptake kinetics (Yanai 1994).  Finally, we will compare these estimates to nutrient uptake estimated by budgeting, with attention to the propagation of uncertainty in the measurements.

A.  Budgeting Uptake
All plants have an annual need for nutrients to produce new tissues (annual requirement), which is met by a combination of internal sources (within-plant translocation) and uptake from external sources (the soil or the atmosphere).  Uptake from external sources (equal to the requirement minus translocation) is determined from the sum of nutrients added annually to perennial tissues (increment in woody material), plus the annual return of nutrients to the soil via litterfall, foliar leaching, and root turnover (Cole and Rapp 1981).  These returns must be replaced annually from external sources in order to construct the more ephemeral tissues—largely foliage, flower parts, fruits, and fine roots.

At four of our sites, nutrient budgets that include nutrient uptake have already been published (Huntington, Hubbard Brook, Harvard Forest, and Loch Vale). We will use data from these previously constructed budgets and enhance them with additional recent data. At the other sites (Fraser, Walker Branch, Calhoun, and Luquillo), we will estimate the annual uptake of nutrients using existing data on nutrient fluxes in litterfall, root turnover, and perennial woody increment, ideally from the site itself.  Foliar leaching—a minor component except for K—will be added to our estimates of nutrient uptake at sites where data are available for both atmospheric deposition and throughfall; net foliar leaching equals throughfall minus atmospheric deposition.

Simulations will be performed using data from multiple soil layers at all but one site (Table 1); at some sites sufficient information will also be available to compare these simulated rates of uptake with uptake rates from matching soil layers determined by budgeting approaches.  Such budgeting will be based upon mass balance calculations for each soil layer.  Mass balance on the upper soil horizons requires that inputs (litterfall and root turnover) be balanced by outputs (uptake and leaching).  Change in storage is likely to be small compared to other fluxes but it can be included if it can be estimated, as at Hubbard Brook (Yanai et al. 1999) and Calhoun (Richter et al. 1994).  Therefore uptake from the upper soil section is calculated as litterfall + root turnover - soil accumulation - leaching, and uptake from the lower horizons is calculated by difference (Yanai 1992). 

Confidence in all our calculations will be estimated by propagating the uncertainty in the measurement of the inputs (Gardner et al. 1988).  This method does not reveal the importance of bias in the measurements nor of uncertainty in model assumptions, but it will indicate cases where the magnitude the difference between budgeted and modeled uptake is too small to be interpreted.

Table 1.  The number of species and soil layers to be studied for nutrient uptake kinetics at each site, with the number of replicates within species and layer.  At Harvard Forest we will study three plots with different levels of N addition.  The number of root branches needed may be up to three times the "total" described here, because of the need for different concentrations of the starting solution.

Site
Spp.
Reps
Soil Layers
Treat-ments
Times of Year
Total
Elements

Huntington 
2
5
2
1
3
60
N P K Ca 

Hubbard Brook
3
5
2
1
3
90
N P K Ca 

Harvard Forest
1
10
1
3
3
90
N

Walker Branch
2
5
2
1
3
60
N P K Ca 

Calhoun
1
10
3
1
3
90
N P K Ca 

Loch Vale
2
5
2
1
3
60
N P K Ca

Fraser
2
5
2
1
3
60
N

Luquillo
all
15
2
1
3
90
N P K Ca 

Total





600


B. Measuring uptake kinetics
Uptake rates of K+, Ca2+, NH4+, N03- and PO43- will be measured in the field by depletion from simulated soil solutions (Rennenberg et al. 1996, Gessler et al. 1998). Existing data on the composition of the soil solutions at each site will be used to select the initial composition of the treatment solutions.  We will use three initial concentrations, corresponding to the observed extremes and the annual mean concentration of the soil solution. At subsequent measurement dates, we will be better able to determine the concentration that will result in measurable depletion of the solution over a reasonable time period. (An initial concentration that is too low or too high will not produce detectable depletion.) This determination will reduce the number of treatments needed. The maximum number of root branches required will thus be three treatment solution concentrations, two soil horizons, and 10 to 15 root branches (one to three species by 5 to 10 replications depending on the site), for a total of 60 to 90 root branches.

In two of our sites, we will be studying only one species of root (red pine at Harvard Forest and loblolly pine at Calhoun); at these sites, our replication will be 10 root branches.  At Luquillo, with 170 species of trees, we will select 15 root branches at random for each treatment solution and depth with no attempt to identify species. At the other sites, we will identify root branches by genus or species (beech and maple at Huntington; beech, birch, and maple at Hubbard Brook; spruce and fir at Frasier and Loch Vale; and chestnut oak and white oak at Walker Branch).  Some species of roots, such as beech and maple, can be distinguished by their bark; others may have to be traced from a known root crown. At the five sites with a few dominant species, we will measure 5 replicate branches per species in each horizon and solution concentration.  We estimate that two people can prepare 20 branches per day, and each branch will be measured for two days, so it will take 4 to 6 days to complete a sampling effort at each site. 

Root branches will be excavated from the desired soil horizon, washed, and allowed to equilibrate in nutrient solution for at least 12 hours to allow the roots to recover from the disturbance. The roots will then be placed in a pre-weighed 100 ml vial with a known amount of fresh solution. Samples (5 ml) from the solution will be taken after 2, 6, 24 and 48 hours.  The vials will be covered with parafilm to prevent contamination and to reduce evaporation. The vials will be agitated to prevent the formation of depletion zones near root surfaces.  The solution samples will be preserved with chloroform, returned to the lab, and analyzed for anions and cations on a Dionex HPLC.  Careful ordering of samples will reduce the sample load, as solution concentrations that have not shown depletion of cations or anions after two days need not be analyzed from the earlier samplings.

The root branches will be severed from the tree at the end of the experiment and analyzed for length, diameter, and color using a flatbed scanner with a transparency adapter and WinRhizo software. These variables will be used to explain the observed variation in uptake rates per unit mass or surface area.


C.  Simulating Uptake
Nutrient uptake models simulate the movement of solutes to the root surface and the uptake of nutrients into the root.  Movement of solutes to the root surface occurs by mass flow, which is driven by the movement of water towards the root by transpiration, and by diffusion, which is determined by concentration gradients and the effective diffusion coefficient through the soil. Movement of the solute into the root is assumed to be a function only of the concentration at the root surface.  This function may be linear or non-linear; commonly, Michaelis-Menten kinetics are described.  The concentration at the root surface may be higher or lower than in the bulk solution, depending on how the rate of delivery of solute to the root surface compares to the rate of uptake.  The parameters required by the model are the root length and diameter, the root length density (root length per unit soil volume), the average soil solution concentration, the buffer capacity, and the effective diffusion coefficient.  The latter can be calculated from the soil moisture content and the tortuosity, a function of soil texture (Van Rees et al. 1990).

We use a steady-state model of nutrient uptake (Nye and Tinker 1977, Yanai 1994), because it allows the values of the parameters to vary over time.  In contrast, the Barber-Cushman model (Barber 1984) assumes that there are no sources of nutrients to the soil solution, that the only sink is root uptake, and that root growth is linear or exponential during the course of a simulation.  The Barber-Cushman approach has been successful in agricultural systems, in which the dominant inputs of nutrients are fertilizer, and root length increases continuously during a growing season.  In natural ecosystems, however, root length increases and decreases seasonally, and nutrient concentrations in solution reflect processes such as mineralization, immobilization, and weathering in addition to nutrient uptake.  We will supply the model with values of root length, rooting density, soil solution and solid phase concentrations, transpiration rates, and soil moisture content at whatever time resolution and depth resolution data are available for each site.  

A multi-dimensional sensitivity analysis shows that the most important parameters in simulating nutrient uptake are the root length, soil solution concentration, and uptake kinetics (Williams and Yanai 1996).  Uncertainty analysis will be conducted for each site by running the model repeatedly using the observed distribution of parameter values (Gardner et al. 1983).  We will also test the value of time-varying input by simulating uptake using annual average values and comparing them to simulations at finer resolution.  
IV. Site Descriptions

Our criteria for selecting sites included a number of ecosystem properties, the completeness and availability of data sets, and the enthusiastic participation of the cooperating PIs.  Ecosystem properties used as criteria included (1) coverage of a range of ecosystem types, (2) coverage of systems with both simple and complex species composition, (3) inclusion of both conifers and deciduous hardwoods, and (4) contrasts between ecosystems that would be relevant for testing our hypotheses.  We have made a wide-ranging search for both LTER and non-LTER sites that have extensive databases with the types of information needed both for modeling and for calculating nutrient budgets.  By making use of these valuable sites that contain virtually all the data we require, both for model input parameters and for nutrient budget calculations, we will need to make very few on-site measurements.  These measurements will be essentially limited to measuring uptake kinetics on intact roots of trees. 

We have selected eight sites for study.  Geographically, sites range from Colorado to New Hampshire to Puerto Rico. Mean annual temperature ranges from 1.5 C to 22.5 C and mean annual precipitation ranges from 740 mm to 3640 mm.  We have also included a range in ecosystem complexity.  At two of our sites, a single species is dominant (red pine at Harvard Forest and loblolly pine at Calhoon); at these sites, our measurements of nutrient uptake kinetics can be attributed to a single species.  At the other extreme, there are 170 tree species at Luquillo, and at this site, we will take measurements on samples of roots without any attempt to identify the species.  At the remaining five sites, two to four species dominate.  We have duplicate representation of two forest types, so that the values for uptake kinetics and other factors can be compared.  Huntington and Hubbard Brook are northern hardwood forests, and Fraser and Loch Vale are subalpine spruce-fir systems. Our eighth site, Walker Branch, is a southern oak forest.  Our collection of sites affords an opportunity to look across a range of N availability, P sorption capacity, and potential for mineral weathering.  In addition, we will distinguish uptake from multiple soil horizons at those sites with adequate data resolution.  At one site (Harvard Forest), three N fertilization treatments allow a test of the effect of N availability on model assumptions (Hypothesis 1a) at one location, where most other variables will be controlled.  All these differences will be important for testing the hypotheses described above.

Huntington Forest 

Huntington Forest is located in the central Adirondack Mountains of New York (latitude 44°00" N, longitude 74° 13" W). The mean annual temperature is 4.4°C (-9°C in January and 19°C in July) and mean annual precipitation is 1010 mm (Shepard et al., 1989). The elevation at the study site is 530 m.  The forest was cut heavily early in the century and has regenerated naturally to northern hardwoods, dominated by American beech (Fagus grandifolia Ehrh.) and sugar maple (Acer saccharum Marsh.). Soils are coarse-loamy, mixed, frigid typic Haplorthods (Becket series) developed in glacial till over gneiss bedrock.  

Uptake budgets: Ecosystem budgets, including nutrient uptake for Huntington, were developed during the Integrated Forest Study (IFS) for N, P, S, Ca, Mg, and K (Johnson and Lindberg 1992).  We will revise these budgets using more recent information on nutrients in fine root turnover (Burke and Raynal 1994).


Model parameters: Root length density was measured by depth increments in cores in 1986 and 1987, using an image analyzer (Burke and Raynal 1994).  Soil solutions are still monitored monthly at 15 and 50 cm for NO3-, NH4+, Ca2+, Mg2+, and K+; PO43- was measured in an earlier study (Zhang and Mitchell 1995), along with exchangeable nutrients (Johnson and Lindberg 1992, Foster et al. 1992).  Soil moisture has been measured gravimetrically (Scott 1987, Ohuri et al. 1999) and using time-domain reflectometry (McHale et al. 1998).  Transpiration has been calculated by watershed mass balance and by models, as at Hubbard Brook.

Hubbard Brook Experimental Forest (LTER)
The Hubbard Brook Experimental Forest is located in the central White Mountains of New Hampshire (43° 56´ N, 71° 45´ W).  The climate is humid continental with mean temperatures of -9°C in January and 19°C in July; mean annual precipitation is 1030 mm, with 390 mm falling as snow.  The reference watershed (W6) ranges in elevation from 550 to 790 m.  The northern hardwood forest is dominated by sugar maple (Acer saccharum Marsh), yellow birch (Betula allegheniensis Britt.), and American beech (Fagus grandifolia Ehrh.).  The forest was heavily logged early in the century and is largely even-aged.  Soils are Typic to Lithic Haplorthods formed in glacial till; the forest floor (O horizon) is well developed, with an average thickness of 7 cm (Huntington et al. 1988).  

Uptake budgets: Nutrient budgets were constructed at Hubbard Brook beginning with measurements taken in the 1960's (Likens et al. 1977).  Revised budgets have been published for P (Yanai 1992), K (Likens et al. 1994) and Ca (Likens et al. 1998).  We will update budgets for these elements as well as N based on the most recent data available.  Reduced estimates of biomass accumulation (Tom Siccama, personal communication) are important to these revisions.  Improved estimates of root turnover will be available from minirhizotron studies (Tierney and Fahey, in review).

Uptake model parameters: Fine root biomass and specific root length were reported by Fahey and Hughes (1994).  Soil solution concentrations have been collected monthly since 1984 and analyzed for NO3, NH4, Ca, and K (Johnson et al. 2000); PO4 was measured during 1984 and 1985 (Yanai 1991).  Soil chemistry was described in quantitative pits (Johnson et al. 1991).  Transpiration is readily modeled at Hubbard Brook and validated against streamflow (Federer and Lash 1978); water uptake can be attributed to soil horizons (Yanai 1992).

Harvard Forest (LTER)

Harvard Forest is located in central Massachusetts (42° 30´ N, 72° 10´ W).  Temperatures average -12°C in January and 19°C in July; mean annual precipitation is 112 cm. We will study the control, low N, and high N plots in an even-aged red pine (Pinus resinosa Ait.) stand planted in 1926.  Treatment plots have been receiving additions of NH4NO3 at the rate of 50 and 150 kg N/ha/yr since 1988 (Aber et al. 1993).  Soils are Entic Haplorthods (Canton series) formed in glacial till; the forest floor has an average depth of 4.6 cm (Magill et al. 1997).

Uptake budgets: Nitrogen uptake was calculated for control and treated red pine plots by Magill et al. (1997), based on litterfall, aboveground biomass increment, and fine root turnover.  Those estimates can be improved by including more recent data on fine root biomass (John Aber, personal comm.).   Root turnover has been estimated by a variety of methods (McClaugherty et al. 1982, 1984; Hendricks et al. 1997).

Uptake model parameters: Fine roots were collected in 1988 and 1991 from organic and mineral horizons (Magill et al. 1997).  Roots were collected again in 1999 and are currently being processed to obtain root biomass estimates; we will obtain a relationship between biomass and length, using a flatbed scanner with a transparency adapter and WinRhizo software.  Soil solution concentrations of NO3- and NH4+ at 60 cm depth have been monitored monthly throughout the growing season since 1989 (Magill et al. 1997).  Extractable NO3- and NH4+ were measured every 4-6 weeks during the growing season in 1988, 1990, 1992, and 1993 (Magill et al. 1997).  Soil moisture and transpiration rates can be simulated by PnET II, a stand model of carbon and water balance (Aber et al. 1985).

Walker Branch  

Walker Branch Watershed (350 58’ N; 840 17’ W) is located in the Ridge and Valley Province of East Tennessee near Oak Ridge National Laboratory.  Mean annual precipitation is 1358 mm and mean temperature is 14.1 C.  Elevation is approximately 450 m.  The uneven-aged overstory of the upper slope is dominated by chestnut oak (Quercus prinus L) and white oak (Quercus alba L.).  Together these two oak species comprise approximately 75% of the upper slope basal area, which averages 21 m2 ha-1. The study site lies on a southeast-facing slope with soils formed from limestone residuum, with virtually no weatherable minerals remaining in the rooting zone. The soils are fine, kaolinitic, thermic Typic Paleudults (Fullerton series) and are cherty, infertile, and permeable.  Depth to bedrock is approximately 30 m. 
Uptake Budgets:  Litterfall has been collected for the past six years (Joslin et al. 2000).  Data on litter nutrient concentrations are available for a similar oak forest on the same watershed (Grigal and Grizzard 1975).  Diameter growth for all overstory and understory trees (> 10 cm dbh) has been measured annually for 6 years, and converted to total annual stand woody increment values using allometric relationships (Hanson, Todd, and Amthor, unpub. data).  Nutrient concentrations for wood are available for all major species on the watershed (Johnson and Van Hook 1989).  Fine root (< 2 mm diameter) biomass was intensively measured for three depth intervals down to 90 cm in 1995 (Joslin and Wolfe 1999) and will be re-measured during 2000 (J. D. Joslin and M. H. Wolfe, pers. comm.).  Fine root nutrient concentrations for oak species are available from various literature sources (e.g., Joslin and Henderson, 1987).  Average annual fine root production has been estimated based upon five years of minirhizotron observations (Joslin and Wolfe 1998, 1999, Joslin et al., 2000).

Uptake Model Parameters: Allometric equations for converting from root biomass to root length have been developed for roots from this site (M. H. Wolfe, pers. comm.).  Soil solution chemistry (NH4+, NO3-, K+, Na+, Ca2+ concentrations) from ceramic cup lysimeters was measured monthly for 4 years throughout the growing season at two depths (30 and 70 cm) (Johnson et al. 1998).  Exchangeable concentrations of N, P, Ca, and K are available (Johnson et al. 1998).  Volumetric soil water content has been measured monthly for the past 6 years.   Transpiration can be estimated both by soil water budget and meterological modeling approaches (P. Hanson, pers. comm.). 

Calhoun Experimental Forest

The Calhoun Experimental Forest is located in the southern Piedmont region of South Carolina (34.5o N, 82o W).  Annual precipitation averages 1170 mm; temperature averages 16o C. Loblolly pine (Pinus taeda L.) was planted in 1957 in fields originally cleared of forest for cotton in the early 1800s. Soils are acidic Ultisols, classified as the Appling series (fine, kaolinitic, thermic Typic Kanhapludults) formed from granitic gneiss.  

 Uptake Budgets: Litterfall was collected for two years and analyzed for C, N, P, K, Ca, and Mg (Richter et al. 1994).  Wood has also been analyzed for these elements, and woody biomass increment is available from dbh and height measurements taken in 1990 and 1997 (M. Buford, USDA Forest Service).  Fine root biomass was measured in cores every three weeks for 18 months at three soil depths (Richter et al. 1999).  Fine root nutrient concentrations will be analyzed on archived samples.  Fine root turnover has been estimated to be about 0.5/year (Richter et al. 1999).

Uptake Model Parameters: Root length will be estimated from root biomass based on allometric relationships.   Soil solution chemistry was monitored every two or three weeks for two years at five soil depths, corresponding with depths at which soil nutrients were measured (Markewitz et al. 1998).  Soil moisture was measured with gypsum blocks at the same time as soil solution chemistry, at the same depths.  Transpiration rates were simulated by a hydrologic process model used to estimate nutrient fluxes (Richter et al. 1994). 

Loch Vale

Loch Vale Watershed is located high on the eastern slope of the Contintal Divide in Rocky Mountain National Park, Colorado (40o 4517’ N, 105o 39’ W). Annual precipitation averages 1000 mm; temperature averages 1.5o C. Our study is limited to the uneven-aged forest of Engelmann spruce and subalpine fir in the lower elevations (3100 m). Soils are shallow loamy-skeletal, mixed, cryic Lithic Cryoboralfs, formed in glacial till on gneiss and schist bedrock. 

 Uptake Budgets: Nutrient budgets, including nutrient uptake, were calculated for N, P, K, Ca, K and Mg, based on litterfall, throughfall, biomass increment, tree mortality, and root turnover (Arthur and Fahey 1992). Root turnover was based on net N mineralization (Nadelhoffer et al. 1985) measured using buried bags.

Uptake Model Parameters: Root length will be estimated from root biomass based on allometric relationships.  Root biomass was collected in organic and mineral horizons (Arthur and Fahey 1992).  Soil solution chemistry in O and B horizons was monitored twice weekly throughout the snowmelt period for three years and analyzed for NO3-, NH4+, PO4-3, Ca2+, Mg2+, and K+ and other ions (Arthur and Fahey 1993).  Data on soil nutrients and soil moisture are also available for O and B horizons (Baron et al. 1992).  Transpiration will be estimated by comparing precipitation and streamflow records with those from Fraser (Troendle and King, 1985).
Fraser Experimental Forest

Fraser Experimental Forest is located 115 km west of Denver on the west slope of the Continental Divide (Lat. 39o 54', Long. 105o 52').  The elevation ranges from 2665 to 3880 m.  The climate is cool, humid with long, cold winters and short, cool summers (Alexander et al., 1985).  Annual precipitation averages 74 cm, two-thirds of which falls as snow.  This study will focus on the Lexan Creek Watershed, which is dominated by old growth Engelmann spruce (Picea engelmannii Parry) and subalpine fir (Abies lasiocarpa [Hook] Nutt.). Soils are primarily Inceptisols (Retzer 1962) developed in gneiss and schist.

Uptake Budget: Litterfall has been collected since 1990 and analyzed for carbon and nitrogen (Virgilio 2000).  Aboveground growth increment ranges from 1.4 to 2.4 m3 ha-1 yr-1 (Wayne Sheppard, USFS, personal communication).  Fine roots are under study as part of a cooperative research plan with USFS and USGS (Stottlemyer, pers. comm.).  Root biomass and N content will be measured.  Root turnover has not been measured on site; we will use the same values as for Loch Vale (Arthur and Fahey 1993).  

Uptake Model Parameters: Specific root length will be measured as part of the study described above. Ca2+, NO3-, NH4+, PO4-3, Na+, Cl- and K+ have been measured in soil solutions (Stottlemyer et al. 1997) and soil exchangeable pools (Reuss 1997).  Soil moisture was measured at a depth of 0-10 cm in both alpine and subalpine soils (Stottlemyer et al. 1997).  Evapotranspiration was measured using an input-output model on nine watersheds at Fraser (Troendle and King 1985).  

Luquillo Experimental Forest (LTER)

This study will be conducted in the Tabonuco forest zone of the Luquillo Experimental Forest (65o 45’ W, 18o 17’ N) in eastern Puerto Rico. Mean annual precipitation is approximately 3600 mm (Garcia et al, 1996) and mean temperature ranges from a low of 21 oC in December and January to a high of 24 oC in July, August, and September.  The dominant tree species is Tabonuco (Dacroydes excelsa), with Sierra palm (Prestoea montana), Sloanea berteriana and Cecropia peltata being common associates in the forest (Brown et al., 1983).  Soils are Oxisols in the Los Guineos series (very fine, mixed, isothermic, Inceptic Hapludox) (Brown et al., 1983).

Uptake Budgets: A nitrogen budget was constructed for a late-successional tabonuco forest at Luquillo (Chestnut et al. 1999).  Litterfall has been collected for the past eleven years; litter nutrient concentrations were measured from 1994 to 1995 (Scatena et al. 1996).  Diameter growth has been measured on ten species at Luquillo (Garcia-Montiel and Scatena 1994), and wood nutrient concentrations are available (Scatena et al. 1993).  Live and dead fine root biomass was measured at depths of 0-10 cm and 10-35 cm (Silver and Vogt 1993, Vogt et al. 1995). Nutrient concentrations (N, P, K, and Ca) were measured in fine roots of D. excelsa and P. montana (Bloomfield et al. 1993) and all species present in trenched plots (Silver and Vogt 1993).  Root turnover was measured using sequential coring and trenched plots (Silver and Vogt 1993).

Uptake Model Parameters: Root length will be estimated from root biomass based on allometric relationships.  Soil solution samples were collected on a weekly basis for one year using ceramic cup lysimeters at two depths (40cm and 80cm) (McDowell 1998). Samples have been analyzed for NH4+, K+, Na+, Ca2+, NO3-, Cl-, and total dissolved P. Exchangeable soil pools of N, P, Ca and K have been calculated at several sites (Silver et al. 1994).  Soil moisture is relatively constant throughout the year (Odum 1970; Schellekens et al, in press; Silver 1992).  Evapotranspiration was estimated using a hydrologic budget (Odum 1970, Garcia et al. 1996, Schellekens et al. in press) and modeling, using both the Rutter and analytical models (Schellekens et al. 1999).

V.  Project Management

A.  Responsibilities


There are two PI's (Yanai and Joslin), a post-doc (Volder), and one M.S. student (Giorgio) supported by the proposed research.  In addition, the current LTER grant to HBEF supports one Ph.D. student (Lucash) who will participate fully in this project, making a total of five researchers.  Scientists from the cooperating sites have agreed to provide data and advice to us free of charge (see letters attached).  The long history of support at these sites and the generosity of the participating scientists makes it possible for us to conduct this data-intensive comparative study in a very short amount of time with a very limited budget.  A clear definition of the responsibilities of the researchers in the project will help us to achieve our goals.


Ruth Yanai will have primary responsibility for the modeling aspects of the comparisons, while Dev Joslin will have primary responsibility for constructing the ecosystem budgets.  Astrid Volder will be responsible for improvement of methods for measuring root uptake kinetics in the field, and she will train the other participants in their use.  All five researchers will participate in data collection on root uptake kinetics and data analysis. 

In addition to the division of responsibilities by types of task, which is related to the skills and experience brought to the group by each member of the team, we will also assign primary responsibility for sites.  These assignments reflect our current contacts, interest, location, and availability.  They are as follows: Yanai: Fraser, Loch Vale; Joslin: Walker Branch; Volder: Huntington Forest, Luquillo; Giorgio: Calhoun; and Lucash: Hubbard Brook, Harvard Forest.  We expect different challenges to arise in different ecosystems, and we hope to develop additional proposals to fund continued research to improve the applicability of nutrient uptake modeling.


B.  Timeline


In the first half-year of the project, we will focus on fine-tuning our methods of estimating nutrient uptake kinetics for use in ecosystem models. Volder will work at Huntington Forest, the closest site to SUNY-ESF, and at Luquillo, the only site to be completely active in the winter months.  By early spring, we will begin to take measurements in two of the southern sites (Calhoun and Walker Branch).  We expect the highest rates of nutrient uptake to be measured during root or shoot flushes, and will schedule our sampling to capture the greatest possible variation.  We will collect measurements at least three times from each site, according to the following schedule.

Table 2.  Schedule for measurement of nutrient uptake kinetics at 8 sites.  Letters indicate team leaders: V = Volder, J = Joslin, G = Giorgio, L = Lucash, Y = Yanai.


Hunting-ton
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J
L
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Y, Y
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The sampling activities described in the above table are scheduled to allow early development of methods, a reasonable schedule of activities for each researcher, a visit to each site at least once during the first year, and a timely completion of measurements at all sites.

Table 3.  Timeline for major activities and deliverables.

fall '00

winter '00
Volder develops methods at the nearest site (Huntington) and the most biologically active site during our winter (Luquillo).

spring '01
Giorgio and Lucash join the team. Volder trains them, Yanai and Joslin.  Two southern sites are measured early in the season (Calhoun, Walker Branch).

Summer '01
Active measurements go on at six sites.  All seven sites have been visited at least once, allowing major problems to reveal themselves.

fall '01
Five sites are measured for the third and final time, and can be completely analyzed. Volder prepares a paper that describes improvements to methods.

winter '01
With the final visit to Luquillo, six sites are completed.  Preparation of a manuscript describing uptake kinetics begins.  Preliminary results are presented at national and sub-national conferences.

spring '02

summer '02
The remaining two sites are measured for the third and final time.  Comparisons of simulated and budgeted nutrient uptake can be summarized for all sites.  Statistical analysis continues; additional papers are presented at conferences.

fall '02 and beyond
Support for Lucash continues under NSF-LTER (Hubbard Brook).  Support for Giogio continues under a Teaching Assistantship.  Preparation of manuscripts will be coordinated with a graduate seminar and with thesis/dissertation requirements.

VI.  Data analysis and interpretation

Hypothesis 1(a): Where N is most limiting, the model will most underestimate N uptake.
     Our indicator of N limitation will be the median growing season soil solution concentration of nitrate plus ammonium for each site. Underestimation by the model is defined as the budgeted rate of nutrient uptake minus the simulated rate.  We will test the relationship between N limitation and underestimation by the model using regression analysis across our eight sites.  This relationship will also be evaluated across the three treatments in the ongoing N-addition experiment at the Harvard Forest, where other site differences should be minimal.

Hypothesis 1 (b): Lower P availability and higher P buffering capacity result in greater underestimation by the model.

Our indicator of P availability will be the median growing season soil solution concentration of P.  Buffer capacity for P is a parameter in the uptake model, derived from soil solution concentrations and soil exchangeable concentrations.  Regressions can be used to test whether P concentrations in solution or P buffering capacity is a better predictor of model underestimation of P uptake.  We will compare budgeted and simulated P uptake for 6 sites (Table 1).  In addition, at sites where both budgets and simulations differentiate soil horizons, model agreement or underestimation can be tested by horizon. 

Hypothesis 1 (c) :  The presence of weatherable minerals increases model underestimation.
Our least weathered soils are at our two sites in the Rocky Mountains.  The Spodosols at our three northeastern sites are intermediate in soil development, and the Ultisols and Oxisols at the three southern sites are the most highly weathered.  We will conduct analysis of variance on model underestimation as a function of soil weathering (low, intermediate, or high), independently for Ca and K, with 2 or 3 observations in each class.  
Hypothesis 2 (a):  Representing the temporal dynamics of the soil solution in the simulation model produces better agreement with budgets than using annual averages, especially for N and P.

The model will be applied separately for each element at each site using average annual soil solution concentrations and using the finest resolution available (weekly to monthly, depending on the site).  Correspondence between model outputs and budget estimates will be described as a difference (defined in the direction of underestimation, above).  The differences constitute a data set that can be evaluated statistically: a paired t-test will reveal whether the distributed model results in smaller differences than the lumped model. 

Hypothesis 2 (b): ) Representing seasonal variation in uptake kinetics will improve model estimates of annual uptake, especially in combination with soil solution concentrations.
A lumped representation of uptake kinetics will be obtained by fitting the uptake kinetic models (linear and non-linear) to all the data collected for each species at each site.  The model will be applied separately for each element at each site using the lumped parameters and using the three seasonal parameter sets, in combination with median growing season soil solution concentrations or seasonal concentration data sets (hypothesis 2a).  Correspondence between model outputs and budget estimates will be described as a difference, as described above, and the differences will be evaluated statistically.  Analysis of variance on the four sets of differences in outputs will reveal whether the lumping of kinetic parameters results in a significant increase in these differences.   We will also test for a significant interaction between splitting kinetics seasonally and splitting soil solution concentrations, as would be expected if the variation in physiologic uptake capacity is not independent of the seasonal variation in nutrient availability, but is adapted to optimize nutrient uptake.

Hypothesis 2 (c):  Root length and root turnover estimates will be the greatest error sources for model simulations and nutrient budgets, respectively.

For each element at each site, the contribution of each parameter to the total uncertainty in model output, or to the total uncertainty in budget output, will be evaluated using Monte Carlo simulation. Multiple parameter sets will be generated by sampling without replacement from intervals of equal probability based on the distribution of each of the input parameters (Gardner et al. 1983).  Analysis of variance will be used to determine the portion of variation in the output (simulated uptake or budgeted uptake) attributable to each of the input variables.
Hypothesis 3 (a): For limiting nutrients, uptake will be linear with concentration, while other elements will display saturation kinetics. 


The values of the uptake kinetics parameters (alpha, Imax, Km) will be fit to our observational data using linear regression (alpha) and non-linear regression (Imax and Km).  The r2 and the root mean squared error will be used to evaluate which model explains more of the observed variation for each combination of site, species, horizon, ion, and season.
Hypothesis 3 (b): Physiologic capacity for uptake will be highest at the time of root and leaf or needle flushes, with root flushes more important than shoot flushes.

Information on the timing of root flushes is available from minirhizotrons (Hubbard Brook, Walker Branch), repeated sampling (Luquillo, Huntington) or ingrowth cores (Huntington, Hubbard Brook).  The status of shoot flushing will be noted each time we make measurements of uptake kinetics.  The status of root and shoot flushing will be scored as low (or absent) or high. For each ion measured, analysis of covariance will be used to test the variation in physiologic uptake capacity explained by root or shoot flushing and by species, with soil solution concentration the covariate in the analysis.  Site will be used as a blocking variable for the four species that were measured at two sites.
Hypothesis 3 (c): Variation in the proportion of new roots will explain most of the measured variation in physiological uptake capacity within species but not the differences between species.

The proportion of root surface area that is "new” will be determined on the basis of root color using a flatbed scanner and WinRhizo software on the samples used for in situ measures of uptake kinetics.  Factors contributing to variation in physiologic uptake capacity will be analyzed using analysis of covariance for each nutrient ion.  Main effects are the proportion of white roots and species, and soil solution concentration is the covariate in the analysis. Site will be used as a blocking variable for the four species that were measured at two sites.

VII. Broader Impacts of the Study

In addition to the scientific contributions of the proposed research, this project will provide educational values through several avenues.  Obviously, the significant involvement of two graduate students (one Ph.D., one M.S.) and one post-doctoral research associate is one avenue.  This research will be the focus of a thesis and a dissertation for the two graduate students, and all five researchers involved will publish papers and present findings at various symposia and conferences. The nutrient uptake model will be used as a teaching tool in courses in introductory soil science and graduate seminars. The proposed research makes modeling an increasingly valuable tool to promote understanding of the processes involved in nutrient uptake in forests and other ecosystems.


Other benefits include interactions between the project scientists and investigators at the eight sites involved, as well as the enhancement of collaboration among investigators across these sites.  Besides sharing the results of budget and model outputs, and the comparisons between them, we will be providing each site with totally novel data relevant to that site on nutrient uptake kinetics for a variety of elements and tree species across a range of soil horizons and times of year.  We will organize a symposium at one of our annual meetings to promote cross-fertilization of ideas generated by this work among investigators, collaborators and students.  Research results will also be disseminated by means of seminars, by presentations at sub-national and national meetings (including Ecological Society of America and Soil Science Society of America), and by publications in peer-reviewed journals.  

Finally, the presence of women on this research team (a majority of our five investigators) will contribute to the ongoing changes in scientific culture brought about by the increasing contributions of women.  The visible participation of quality female scientists not only contributes to the academic training of an under-represented group but also helps to educate the male scientists and administrators with whom they interact. The SUNY College of Environmental Science and Forestry still has less than 10% women on the faculty, with four of the eight departments having 0%.  Graduate students and post-doctoral associates are an important diversifying force on this campus.
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Budget Justification

The following personnel are supported by this budget.  Ruth Yanai is supported for two months in the first year and one month in the second year of the grant.  Dev Joslin is supported on a subcontract for three months each year. Astrid Volder, the Post-Doctoral Associate, will be the first to begin working on the project, in September 2000.  Melissa Lucash, the doctoral student, will be supported on the current NSF-LTER grant to the Hubbard Brook Ecosystem Study beginning in January 2001.  Her tuition and stipend do not appear in this budget.  Vincent Giorgio, the masters student, will be supported by this budget in the spring semesters and summers of 2001 and 2002.  His fall tuition and stipend will be paid by a teaching assistantship from the SUNY College of Environmental Science and Forestry.  Academic year salary for Ruth Yanai will recover Giorgio’s tuition costs for the spring semesters.  Finally, an undergraduate Research Aide will assist an average of 10 hours/week in the first year of the study.

The subcontract to Dev Joslin includes $19,500 in Year 1 for salary, wages, and benefits and $20540 in Year 2.  Travel expenses are detailed below: Joslin's portion includes three trips to Calhoun Experimental Forest, one trip to Luquillo, and one national meeting.  

Materials and supplies are budgeted at $4000 to cover root tubes, sampling vials, chemicals, and other lab and field supplies.  $1000 of this total is included in the Joslin subcontract.

Analytical costs are primarily for the analysis of nutrient solutions collected in the measurement of nutrient uptake kinetics.  The number of replicate experiments will be 600 (Table 1); this number does not include three concentrations of solution and four samples pulled from each solution over the course of the depletion.  Not all the samples will be analyzed, however, as described above; solution concentrations that have not shown depletion of cations or anions after two days need not be analyzed at the earlier samplings.  At worst, if different ions required analysis of different solution concentrations, we would eliminate only 3 of the 12 samples collected for each root replicate, for a total of 5400 samples.  At best, we will improve our ability to predict the desired starting solution, and only 4 samples would be analyzed, for a total of 2400 samples. Assuming that we start near the worst case and progress towards the best, we have estimated our analytical costs assuming a total of 5000 solutions, including standards, blanks, and spikes.  The total cost is $10 per sample: $5 for NO3- and PO43- on Dionex HPLC (we could budget $1.66 per sample, but that machine hasn't been promised to us), $2.50 for Ca, Mg, and K by ICP, and $2.50 for NH4+ by autoanalyzer, for a total of $50,000.  We will save about $1500 by not analyzing metals for Harvard Forest, but we'll spend that in developing our techniques at Huntington (150 samples).

Travel costs include travel to our eight sites, costs of housing at several of them, and travel to other meetings.  We estimate that it will take 2 people 4 to 6 days at each site to make a set of measurements (described above), and we will make 3 such sets of measurements at each of 8 sites during the course of this project.  The total travel costs for work at our sites over two years is $17,000.  The costs by site are detailed as follows.

(1) Huntington Forest provides lodging and meals for $20 per day for post-docs and PI's and $60/week for students.  Driving from Syracuse is 300 miles round trip ($100).  We budgeted $2000, more than needed for our three sampling dates, because this is the closest site to Syracuse where we can develop our experimental techniques.  

(2) Hubbard Brook charges $1650 for housing on site, but this cost is already covered in the NSF-LTER contract to Hubbard Brook (for Melissa Lucash).  We also have $1500 budgeted for mileage from Syracuse and additional housing and subsistance costs for a second person.

(3) We will visit Harvard Forest from Hubbard Brook and Syracuse.  We budgeted $750 for mileage and $750 per diem for three trips from both places ($1500 total).

(4) Walker Branch and (5) Calhoun can be visited for a single plane ticket from Syracuse; Joslin is driving distance from both.  We budgeted $1200 for three plane tickets, $600 for ground transportation, and $1500 for food and lodging for our three visits ($3300 total for both sites).

(6) Loch Vale and (7) Fraser can be visited from Syracuse on a single plane ticket. The USFS Rocky Mountain Station can provide housing at Fraser Experimental Forest at no charge.  We budgeted $4000 for airfare, $600 for rental cars, and $600 subsistence for three trips by two people ($5200 total for both sites).

(8) Luquillo Experimental Forest has housing available at no charge.  We budgeted $4000 for six airplane tickets and $1000 for ground transportation and subsistence.

In addition, we budgeted $5000 for each of the five investigators to attend one national meeting during the course of the project.  The total of $22,000 for travel is budgeted as $10,000 in the first year and $9,000 in the second year in the main grant, and $3,000 in the subcontract for Joslin.
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