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ABSTRACT

The cover and abundance of Juniperus virginiana L.

in the U.S. Central Plains are rapidly increasing,

largely as a result of changing land-use practices

that alter fire regimes in native grassland commu-

nities. Little is known about how conversion of

native grasslands to Juniperus-dominated forests

alters soil nutrient availability and ecosystem stor-

age of carbon (C) and nitrogen (N), although such

land-cover changes have important implications for

local ecosystem dynamics, as well as regional C and

N budgets. Four replicate native grasslands and

adjacent areas of recent J. virginiana encroachment

were selected to assess potential changes in soil N

availability, leaf-level photosynthesis, and major

ecosystem C and N pools. Net N mineralization rates

were assessed in situ over two years, and changes in

labile soil organic pools (potential C and N miner-

alization rates and microbial biomass C and N) were

determined. Photosynthetic nitrogen use efficien-

cies (PNUE) were used to examine differences in

instantaneous leaf-level N use in C uptake. Com-

parisons of ecosystem C and N stocks revealed

significant C and N accrual in both plant biomass

and soils in these newly established forests, without

changes in labile soil N pools. There were few dif-

ferences in monthly in situ net N mineralization

rates, although cumulative annual net N minerali-

zation was greater in forest soils compared to

grasslands. Conversely, potential C mineralization

was significantly reduced in forest soils. Encroach-

ment by J. virginiana into grasslands results in rapid

accretion of ecosystem C and N in plant and soil

pools with little apparent change in N availability.

Widespread increases in the cover of woody plants,

like J. virginiana, in areas formerly dominated by

graminoid species suggest an increasing role of

expanding woodlands and forests as regional C

sinks in the central U.S.
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INTRODUCTION

Grasslands and savanna ecosystems comprise a

large portion of the terrestrial biosphere, and are

important in regional and global biogeochemical

cycles (Field and others 1998). Changes in these

ecosystems caused by woody plant encroachment

can significantly alter rates of ecosystem carbon (C)

gain or loss, with potential global consequences

for soil and atmospheric chemistry (Archer and
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others 2001; Pacala and others 2001). In North

America, the abundance and cover of several

genera of woody plants, including Juniperus, have

increased dramatically beyond their historical

range and distribution in grasslands and savannas

during the last 150 years, converting millions of

hectares of grassland or savannas to woodlands or

forests (Van Auken 2000; Archer and others 2001).

These newly established woodlands and forests

may serve as significant, if transient, sinks for

atmospheric CO2 (Archer and others 2001; Norris

and others 2001a; Albani and others 2006). For

example, aboveground net primary productivity

was much greater in J. virginiana forests (�10

Mt ha)1 y)1) compared to grassland sites in similar

locations (�3.7 Mt ha)1 y)1), leading to a sub-

stantial increase in aboveground C storage, as well

as potential changes in belowground C storage and

nutrient cycling (Norris and others 2001a; Smith

and Johnson 2003; Norris and others 2007).

Changes in the rates and magnitude of C accrual,

as well as shifts in C allocation from below- to

aboveground, in J. virginiana forests relative to the

grasslands they replace could have significant

consequences for both soil chemistry and regional

ecosystem exchange processes (Moiser 2001).

Concurrent changes in litter quantity or quality

and microclimate may also alter key ecosystem

processes or properties that affect decomposition

and soil nutrient availability (Austin and Vivanco

2006; Throop and Archer 2007), and ultimately,

alter feedbacks with plants that may, in turn, affect

ecosystem function, particularly C uptake.

Juniperus virginiana occurs in every state east of

the 100th meridian and parts of southern Canada

(Fowells 1965). Historically, J. virginiana in the

eastern Central Plains was restricted to areas that

were protected from intense grassland fires such as

rocky outcrops, canyons or areas with shallow soils.

In the absence of fire, J. virginiana can increase in

density and size at rates that allow canopy closure

in less than 40 years, and it has encroached into

grasslands in the eastern Central Plains at an

unprecedented rapid rate affecting millions of hect-

ares as a result of changing land-use practices

(Schmidt and Leatherberry 1995; Briggs and others

2002, 2005). In the Central Plains, J. virginiana often

forms dense, nearly monospecific stands that alter

forest floor microclimate with respect to light, tem-

perature, and moisture, and substantially reduces

plant richness in the understory (Briggs and others

2002, 2005; McKinley and others 2008).

In grasslands of the eastern Central Plains, plant

productivity is potentially limited by multiple fac-

tors, including water, light, and nitrogen (N) (Blair

1997; Blair and others 1998; Knapp and others

1998). The relative importance of these factors is

highly influenced by fire regime and ungulate

grazing intensity (Johnson and Matchett 2001).

However, in areas of J. virginiana encroachment,

both fire and grazing are typically absent. The

removal of these disturbances, coupled with

changes in plant traits (that is, tissue chemistry and

resource allocation), may alter ecosystem N cycling

and subsequent availability of soil N for plant

uptake. Ultimately, differences in plant available N

and utilization of N in forest and grassland soils

may influence plant productivity, as well as pot-

ential rates of ecosystem C accretion and storage.

Norris and others (2007) reported that mean

aboveground plant productivity of recently estab-

lished J. virginiana forests was about 2.5· greater

than that of comparable grasslands (similar soils

and topographic position). Greater primary pro-

ductivity of J. virginiana forests, relative to the

grasslands they replace, may increase N demand

and elicit immobilization of significant quantities of

N in plant biomass, litter, and soil organic matter

(SOM). In addition, the establishment of J. virgini-

ana forests alters several of the factors that control

soil N mineralization and N availability. Specifi-

cally, conversion of grasslands to J. virginiana for-

ests alters litter quality (Norris and others 2001b),

soil temperature (Smith and Johnson 2004;

McKinley and others 2008), and possibly other

factors (for example, soil biota) that influence soil N

mineralization. Immobilization of N in plant and

soil pools, coupled with changes in litter chemistry

that reduce decay rates (Norris and others 2001b),

may reduce the size of labile N pools and ultimately

N availability. High productivity of J. virginiana

forests may be facilitated by high plant or ecosys-

tem nitrogen use efficiency (NUE). Norris and

others (2007) found that annual ecosystem NUE in

J. virginiana forests, measured as ANPP:litterfall N,

was more than double that of the grasslands they

replaced. Leaf-level NUE was not measured in that

study. Species with high NUE could maintain high

productivity under conditions of reduced N avail-

ability, but this would be expected to reinforce

plant–soil feed back loops and maintain low soil N

availability through production of relatively low

quality substrates (for example, wider C:N ratios).

Thus, there is reason to expect that conversion of

native grasslands to J. virginiana woodlands will

alter soil N dynamics.

Our general hypothesis was that replacement of

native grassland species with a non-N-fixing tree

species would result in accrual of plant biomass and

litter (Tilman and others 2000; Archer and others

Woody Plant Encroachment by Juniperus virginiana 455



2001; Norris and others 2001a) that, in the absence

of additional N inputs, would lead to reduced soil N

availability through greater N sequestration in

plant biomass, changes in substrate quantity and

quality that promote microbial immobilization of

N, and altered abiotic conditions that slow decom-

position and mineralization. These predicted

changes in soil N cycling and reductions in N

availability might be offset by intrinsic character-

istics of J. virginiana (for example, high NUE), to

allow the observed increases in productivity fol-

lowing forest encroachment into grasslands, despite

expected lower N availability. However, few studies

have simultaneously investigated changes in plant

and soil C and N pools, N availability, and leaf-level

nitrogen use efficiencies in the context of whole

ecosystem function in grasslands and newly estab-

lished J. virginiana forests growing on similar soils

and under similar climates. Our objective was to

assess soil N availability and a suite of ecosystem

attributes at multiple paired grassland-forest sites,

using a combination of concurrent complementary

field and laboratory assays to understand how J.

virginiana forests sustain high productivity and

transform ecosystem properties after invading na-

tive grasslands. Specifically, we (1) examined rates

and seasonal patterns of in situ net N mineraliza-

tion; (2) compared major ecosystem pools of C and

N, labile soil N pools, and photosynthetic N use

efficiencies; and (3) conducted parallel laboratory

assays of potential C and N mineralization to assess

changes in the storage, cycling, and use of these

elements.

MATERIALS AND METHODS

General Site Description

This study was conducted in the Flint Hills of NE

Kansas, USA (39�05¢ N, 96�35¢ W), where pre-

valent native vegetation is tallgrass prairie, domi-

nated by perennial, warm-season (C4) grasses

including big bluestem (Andropogon gerardii Vit.),

little bluestem (Schizachyrium scoparium Michx.),

indiangrass (Sorghastrum nutans Nash), and

switchgrass (Panicum virgatum L.). These C4 grasses

contribute the majority of aboveground net pri-

mary productivity (ANPP) (Knapp and others

1998). However, a highly diverse mixture of less

abundant species, including C3 grasses, sedges, and

a diverse array of forbs, contribute to the high

floristic diversity of these grasslands. The native

tallgrass prairie flora also includes a number of

native woody plants, such as buckbrush (Symphor-

icarpos orbiculatus Moench.), redcedar (Juniperus

virginiana L.), smooth sumac (Rhus glabra L.), and

rough-leaved dogwood (Cornus drummondii CA

May), which can be locally abundant, especially in

prairie that is burned infrequently (Briggs and

others 2005). Average annual precipitation is

835 mm with 75% falling during the growing

season (Bark 1987). Topographic relief divides the

landscape into upland plateaus with shallow soils,

slopes with outcrops of limestone, and lowlands

with deeper alluvial and colluvial soils.

Experimental Design

Four replicate sites, each comprising contiguous

J. virginiana forest adjacent to native grassland,

were chosen in the northern Flint Hills, in close

proximity (<1 km) to the Konza Prairie Biological

Station (KPBS), the primary location of the Konza

Prairie Long-Term Ecological Research (LTER)

program. This allowed the use of a variety of base-

line data on ecological processes in native grassland.

All study sites were located in uplands, with shallow

mineral soils (�10 cm deep) overlying fragmented

limestone layers, the most common topoedaphic

condition for J. virginiana forest encroachment in

this region. Three of the sites had silty clay loam soil

(fine, mixed, active, mesic Udothentic Haplustols)

and the fourth site had a silt loam soil (fine, mixed,

superactive, mesic Udertic Argiustolls). Each J.

virginiana forest (‡0.5 ha) had dense (680–

1,360 trees ha)1), complete canopy cover. Tree

diameter at breast height (dbh) ranged from 15.2 to

22.1 cm (mean = 18.1 cm). Historical aerial pho-

tographs since 1950 and analysis of soil organic

carbon (SOC) isotopic composition were used to

verify the recent replacement of native grasslands

with J. virginiana forests and estimate the age of

each forest stand. Estimated ages of individual

stands ranged from 35–75 years, with a mean

around 45–50 years. Each forest site was located

adjacent to a native grassland site in the same

topographic position and soil type. Grassland sites

were not grazed in the recent past (>15 years, per-

sonal communication) and had a contemporary

average fire return interval of 1–2 years as a result

of prescribed fires conducted in early spring. The

forest sites remained unburned. In each vegetation

type (Juniperus forest or grassland) at each replicate

study site, one 50 m transect (n = 4/vegetation

type) was established and used to randomly locate

plots where soil and other ecosystem measurements

were made. Assays of in situ soil net N mineraliza-

tion, and soil sampling for microbial biomass

and potentially mineralizable C and N, were done

in randomly assigned 2-m2 plots (n = 6/site).
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Collections of mineral and organic soil, foliar litter,

and root biomass to quantify C and N pools were

taken from larger 25-m2 plots (n = 6/site) along

these same transects.

C and N Stores: Aboveground Biomass

Aboveground biomass was measured at the sea-

sonal peak (August 2005) in grassland sites by

clipping all vegetation within 0.1-m2 quadrats and

weighing the dried (60�C) samples. Sub-samples of

plant material were analyzed for C and N content

with a Carlo Erba model NA1500 C/N analyzer

(Milano, Italy). Aboveground biomass, biomass C

and biomass N for J. virginiana sites was estimated

using allometric equations developed for this

region (Norris and others 2001a) applied to all

trees in twenty 25-m2 quadrats along each 50-m

transect.

C and N Stores: Soil

Total soil C concentrations were sampled in 25-m2

plots (5 composite soil cores (2-cm diam. · 10-cm

depth) per plot, six replicate plot samples per site).

This procedure was later repeated with 2-cm diam.

soil cores divided into 2-cm depth increments to

examine changes in the amount and isotopic

composition of SOC with depth. Soils were ground,

dried at 105�C for 48 h, weighed (�25 mg) into

silver capsules, and treated with 2 M HCl to remove

inorganic carbon (CaCO3) prior to analysis. Percent

C and N was determined with a Carlo Erba model

NA1500 C/N analyzer (Milano, Italy). Total soil

organic C and N were expressed on a per square

meter basis after accounting for soil bulk density.

Decarbonated sub-samples of soil were used to

determine d13C values at each depth increment to

assess replacement of C4-derived SOC with new C3

forest inputs. A Thermo Finnnigan Delta Plus mass

spectrometer (samples combusted with a CE Ele-

mental Analyzer with ConfloII) was used to

determine isotopic values of C (d13C). A mixing

model (Balesdent and others 1988; Arrouays and

others 1995) was used to calculate percent soil C

converted from C4-C to C3-C: f = d ) d0/d1 ) d0,

where d = d13C of current soil, f = percent C from

C3 juniper, d0 = d13C value of original C4-derived

soil (soil d13C from the paired grassland and cor-

responding depth) and d1 = d13C value of new C3

inputs (C3 J. virginiana litter and roots).

Surface litter in the forested sites was collected by

removing the entire O-horizon in 20 · 50 cm

quadrat. Litter samples were dried, weighed, and

ground for total C and N analysis.

Microbial Biomass

Soil microbial biomass C and N was determined in

mid-growing season (July 2004) and at the begin-

ning of the non-growing season (October 2004)

using a chloroform fumigation-incubation tech-

nique (Jenkinson and Powlson 1976). Microbial

biomass C was determined by difference in the

amount of CO2-C respired from fumigated and

non-fumigated samples, measured with a Shima-

dzu GC-8A gas chromatograph. Microbial biomass

N was determined by difference in the amount

extractable inorganic N from fumigated and non-

fumigated samples. Inorganic nitrogen (NH4
+-N

and NO3
) + NO2

)-N) concentrations were deter-

mined colorimetrically (described later). Conver-

sion factors (KC and KN) of 0.41 and 0.54 were used

for C and N, respectively (Horwarth and Paul

1994).

Net Nitrogen Mineraliztion

In situ net N mineralization rates were measured

15 times from June 2003 to June 2005, using an

intact soil core method. The O-horizon (litter layer)

was removed in J. virginiana sites, and polyvinyl

chloride (PVC) tubes (5 cm diam · 12.5-cm

length) were driven 10 cm into the mineral soil. A

cap prevented precipitation from entering the core.

To prevent anaerobic conditions, two 0.5-cm i.d.

holes were drilled in the exposed portion of the

pipe. Cores were incubated in the field for 30–35 d

(T1). A second core (5-cm i.d. · 10 cm) was taken

5–10 cm from the in situ PVC core to measure

initial (T0) inorganic nitrogen concentrations.

Soils were prepared for extraction by passing

through a 4-mm soil sieve and mixing thoroughly

by hand. Ammonium and nitrate were extracted

from 10 to 12 g of field moist soil with 50 ml of 2 M

KCl, agitated for 1 h on an orbital shaker

(200 rpm), and filtered through a 0.4-lm polycar-

bonate membrane. Inorganic nitrogen (NH4
+-N

and NO3
) + NO2

)-N) concentrations were deter-

mined colormetrically with an Alpkem� Flow

Solution Autoanalyzer (Wilsonville, Oregon).

Net N mineralization was calculated as the final

concentration (lg NH4
+ + NO3-N g)1 dry soil) of

inorganic nitrogen (T1) minus the concentration at

the start of the field incubation (T0). Analogous

calculations were done separately with ammonium

and nitrate concentrations to determine net

ammonification and nitrification rates, respec-

tively. Mean cumulative annual net N mineraliza-

tion, ammonification, and nitrification rates were

calculated for each site by summing daily rates
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measured during the 30 d periods and extrapolat-

ing daily rates for intervals between incubation

periods. Monthly mean temperatures and precipi-

tation during the study period were obtained from

a weather station at the Konza LTER site.

Mineralizable C and N

Aliquots of soil were taken from the initial cores

(T0) used for in situ net N mineralization assays in

July and October 2004 to determine potentially

mineralizable C and N in soils collected in the

growing and non-growing seasons, respectively.

Ten-gram aliquots (dry wt. equivalent) of soil were

placed in 150 ml serum bottles and brought to 30%

soil moisture (or 60% water filled pore space). Each

serum bottle was sealed with a rubber septum and

aluminum closure, and incubated in the dark at

25�C for 31 days. Carbon dioxide concentrations in

the headspace were measured every 2–3 days with

a Shimadzu GC-8A gas chromatograph. After each

measurement, the serum bottles were opened for

2 h to allow equilibration with ambient O2 and

CO2 levels. The CO2-C flux per gram of soil was

summed over the incubation period to calculate

cumulative carbon mineralization. At the end of

the incubation, soils were extracted with 2 M KCl

to determine inorganic N concentrations (described

previously). Potentially mineralizable N was

determined using a formula similar to that used to

calculate field-based net mineralization rates, but

expressed as lg N g)1 dry-soil 30 d)1. Total soil

carbon and nitrogen concentrations were measured

in separate aliquots of T0 soils, and used to deter-

mine yield of mineral C and N per gram organic C

and N in the bulk soil, respectively.

Photosynthetic Nitrogen Use Efficiency
(PNUE)

Leaf-level photosynthetic rates (Amax) were mea-

sured seven times in growing and non-growing

seasons with a LiCor 6400 portable infrared gas

analyzer system. Terminal portions of exposed

shoots (relatively young leaf tissue) of J. virginiana

or a single leaf of A. gerardii were sealed in a

chamber equipped with a red-blue diode light

source for 3–4 min while CO2 assimilation was

measured. Measurements were made under a

photosynthetic photon flux density (PPFD) of

1,500 lmol m)2 s)1 (high light conditions), con-

stant CO2 (375 ll l)1 CO2), and ambient air tem-

perate and humidity.

Leaf area for A. gerardii was estimated by mea-

suring the mid point width of the leaf in the cuvette

and multiplying by the cuvette length (2 cm).

Projected leaf area of J. virginiana was measured

with a LI-3100 leaf area meter (Li-Cor, Lincoln,

Nebraska, USA). No attempt was made to account

for the three-dimensional shape of the leaves.

Specific leaf mass for J. virginiana was determined

by dividing the dry weight of the sampled leaves by

the leaf area. Published values of specific leaf mass

of A. gerardii in burned sites were used for com-

parisons (Knapp and others 1998). Leaf tissues

were dried at 60�C, ground, and analyzed for N

content. Photosynthetic nitrogen use efficiency

(PNUE) was calculated by dividing Amax (lmol

CO2 m)2 s)1) by the nitrogen content (mol N m)2).

Data Analyses

A randomized complete block was used as the

experimental design. Measurements obtained from

the six plots along a given transect (forest or

grassland) were averaged to obtain a single mean

value for each discrete site for statistical analysis

(n = 4/vegetation type). Significant differences in

treatment means for field and laboratory assays of

C and N mineralization, were determined using

repeated-measures analysis of variance (ANOVA)

(alpha = 0.05) (SAS, version 8.02). Differences in

soil, root, and litter C and N, and microbial biomass

in forests and grasslands were determined using

analysis of variance (ANOVA) (alpha = 0.05) (SAS,

version 8.02). A simple linear regression model was

used to determine the relationship between the

percentages of SOC of forest origin in forest soils by

soil depth and to assess the relationship between

leaf N content and net photosynthetic rates in

A. gerardii and J. virginiana.

RESULTS

Ecosystem C and N

Encroachment of J. virginiana led to large

accumulations of C and N in newly established

J. virginiana forests relative to the grasslands they

replaced (Table 1). Carbon accumulation in above-

ground plant biomass increased by a factor of 37,

from a mean seasonal maximum of 163 g C m)2 in

grasslands to 6,065 g C m)2 in J. virginiana stands.

Similar changes in N storage in aboveground bio-

mass occurred, although the magnitude of the dif-

ference between N accumulation in grassland and

forest sites was not as large. Total N accumulation in

aboveground biomass increased by a factor of 16,

from a mean seasonal maximum of 3.0 g N m)2 in

grasslands to 48 g N m)2 in forest sites. Differences

in the rate of change in aboveground biomass C and
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N in J. virginiana forests, relative to grasslands,

resulted in a shift in mean C:N ratios in aboveground

biomass from approximately 54 in grasslands to

approximately 126 in J. virginiana forests.

Changes in C and N in the organic and mineral

soil also occurred with conversion to J. virginiana

forests. The largest difference was in the surface O-

horizon, which was absent in the grasslands due to

frequent fires, but which accrued significant

amounts of C and N following J. virginiana

encroachment. Carbon and N in the O-horizon of

J. virginiana forests were 1,540 ± 51 g C m)2 and

56 ± 3.8 g N m)2, respectively. Organic C and N

were also significantly greater in the mineral soil

(A-horizon, 0–10 cm) of J. virginiana forests com-

pared to grasslands. Soil organic carbon (SOC)

increased about 12% in J. virginiana forests, and

was significantly greater (3,871 ± 119 g C m)2)

compared to grassland soils with 3,443 ± 188 g C

m)2 (ANOVA, F1,6 = 7.42, P = 0.01, Figure 1A).

Soil organic nitrogen (SON) increased similarly

(10%) from 298 ± 12.8 g N m)2 in grassland to

329 ± 9.4 g N m)2 in J. virginiana forest (ANOVA,

F1,6 = 8.27, P = 0.01, Figure 1B). Concurrent

increases in soil organic C and N did not signifi-

cantly alter soil C:N ratios in J. virginiana (11.77 ±

0.17) compared to grassland soils (11.41 ± 0.20)

(ANOVA, F1,6 = 1.87, P = 0.18, Figure 1C).

The distribution of SOC with depth in the

A-horizon was similar in J. virginiana and grassland

soils (Figure 2A), as evidenced by no significant

interaction between soil depth and vegetation type

(ANOVA, F4,30 = 0.25, P = 0.91). However, there

was significantly greater SOC across all depths in

the J. virginiana soils (ANOVA, F4,30 = 6.48,

P = 0.02) and SOC decreased significantly with

depth in both vegetation types (ANOVA, F1,30 =

12.61, P < 0.01). The contribution of new forest-

derived C to total SOC pools following J. virginiana

encroachment was not uniform (Figure 2B). Alth-

ough about 34% of the total SOC in the upper

10 cm of J. virginiana soils was of C3 (forest) origin,

the greatest relative contribution (48%) occurred

in the 0–2 cm soil increment, and the amount of

accumulated SOC of forest origin decreased pre-

dictably and linearly with depth (R2 = 0.97, y =

49.33 + 3.623x, P £ 0.01, using single mean site

values for each depth increment) to about 17% in

the 8–10 cm soil increment.

Microbial Biomass C and N

Soil microbial biomass is an important short-term

source and sink of plant available nutrients, and is

crucial for conserving N in tallgrass prairie (Garcia

and Rice 1994). Microbial biomass C and N com-

prised a small portion (3% C and 5–6% N) of the

total soil organic pools of the A-horizon, and did

not differ between J. virginiana and grassland soils

(ANOVA, F1,6, P ‡ 0.05) in either the growing or

non-growing seasons (Figure 3).

Potentially Mineralizable C and N

There was a general tendency for lower C miner-

alization in laboratory incubations of forest soils on

a bulk soil basis (Figure 4A, repeated-measures

ANOVA, F2,5 = 4.46, P = 0.077), as well as lower C

yield (lg C g)1 soil-C) compared to grassland soils

Table 1. Comparisons of Carbon and Nitrogen Standing Stocks in Selected Ecosystem Compartments in
Native Grasslands and Adjacent Areas of Recent J. virginiana Forest Encroachment

Ecosystem compartment Grassland Forest

Carbon Stocks (g m)2)

Aboveground biomass 163 ± 35 6,065 ± 74

Soil

O-horizon 0 1,540 ± 51

A-horizon (upper 10 cm) 3,443 ± 188 3,871 ± 119

Microbial biomass C 118 ± 8 129 ± 11

Total 3,606 ± 787 11,476 ± 634

Nitrogen stocks (g m)2)

Aboveground biomass 3.0 ± 0.6 48 ± 7

Soil

O-horizon 0 56 ± 4

A-horizon (upper 10 cm) 298 ± 13 329 ± 9

Microbial biomass N 17 ± 2 16 ± 1

Extractable N 0.10 ± 0.02 0.08 ± 0.03

Total 301 ± 32 433 ± 14

Means (±SE) are based on n = 4 sites per vegetation type.
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(Figure 4B, repeated-measures ANOVA, F2,5 =

6.68, P = 0.039). Potential N mineralization rates

were not statistically different in bulk soils of

grasslands and forests, although there was a trend

for forest soils to have greater rates than grassland

soils in both growing (61%) and non-growing

seasons (240%) (Figure 4A, repeated-measures

ANOVA, F2,5 = 1.54, P = 0.301). Similarly, poten-

tial yield of N (lg N g)1 soil-N) was not signifi-

cantly different in forest soils relative to grassland

Figure 2. Total SOC (mean ± SE) by depth in forest and

grassland soils (A); closed circles are total forest SOC and

open circles are grassland SOC. The percent contribution

of forest-derived (C3) organic C by depth (B); the solid

portion of each bar is new C3-SOC, and the shaded

portion is grassland carbon composing the remainder of

SOC.

Figure 1. Total soil organic carbon (SOC) mean ± SE (A),

total soil organic nitrogen (SON) (B), and the carbon to

nitrogen (C:N) ratio (C) of the mineral soil in J. virginiana

forest and grassland soil. Different letters indicated signif-

icant differences (P < 0.05).

Figure 3. Microbial biomass carbon (MBC) and nitrogen

(MBN) (mean ± SE) measured in the growing (July) and

non-growing season (October) (note: break between 50

and 100 on Y-axis).
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soils (Figure 4B, repeated-measures ANOVA, F2,5 =

1.01, P = 0.428).

Net Soil N Fluxes

There were no significant differences in monthly

in situ net N mineralization rates of forest and

grassland soils (repeated-measures ANOVA,

F6,1 = 23.08, P = 0.158) (Figure 5A). There were

cyclical seasonal variations, with peak rates

(�0.10 lg N g)1 soil d)1) of net N mineralization

for both forest and grassland soils occurring in

spring and summer, and the lowest rates

(<0.03 lg N g)1 soil d)1) occurring in winter.

There was one period (Dec 03–Jan 04) where large

negative net N mineralization (net immobilization)

rates occurred in both forest ()0.08 lg N g)1 soil

d)1) and grassland soils ()0.05 lg N g)1 soil d)1).

Net nitrification rates were also similar in forest

and grassland soils for most sampling periods (Fig-

ure 5C) (repeated-measures ANOVA, F6,1 = 24.96,

P = 0.152). Net nitrification rates were relatively

high (‡0.05 lg NO3-N g)1 soil d)1) in both forest

and grassland soils in non-winter months. Lowest

nitrification rates ( £ 0 lg NO3-N g)1 soil d)1)

generally occurred in winter (Dec–Feb), with one

exception being a negative rate in grassland soils

only in June 2004. Net nitrification most closely

tracked monthly and seasonal trends in tempera-

ture and precipitation (Figure 5D).

Mean cumulative annual net N mineralization

rates (see inset Figure 5A) for June 2003–June 2004

and June 2004–June 2005 were significantly greater

(by �46%) in forest soils (11.52 ± 0.38 lg N g)1

soil y)1) compared to grassland soils (7.90 ± 0.26 lg

N g)1 soil y)1) (F1,2 = 60.67, P = 0.016). However,

cumulative annual net nitrification rates were not

significantly different for forest (12.67 ± 0.01 lg

NO3-N g)1 soil y)1) and grassland soils (11.54 ±

2.91 lg NO3-N g)1 soil y)1) (F1,2 = 0.157, P = 0.731).

Photosynthetic Nitrogen Use Effeciency

Leaf-level photosynthetic rates were greater in

A. gerardii compared to J. virginiana for much of the

growing season (Figure 6A). However, there was

no C uptake by A. gerardii in the non-growing

season (Nov–April) when grasses were senescent.

Juniperus virginiana trees had maximum rates of

photosynthesis during the late and early growing

season for grasses. Leaf tissue N concentrations were

maintained at approximately 1.5% in J. virginiana

shoots over the entire year (Figure 6B). However,

leaf tissue N in A. gerardii reached a peak of 2.5% at

the beginning of the growing season, and then

decreased steadily, leveling off at approximately

1.5% from July through early October when there

was a precipitous drop to less than 0.5% N as leaf N

was resorbed prior to senescing. Photosynthetic

nitrogen use efficiency (PNUE) was always more

than an order of magnitude greater in A. gerardii

(>300 lmol CO2 [mol N] )1 s)1) than J. virginiana,

which had a maximum PNUE of 26 lmol CO2 [mol

N] )1 s)1 in May 2006 (Figure 6C). The maximum

PNUE in A. gerardii (413 lmol CO2 [mol N] )1 s)1)

occurred in August 2005, and was caused by very

high photosynthetic rates (Figure 6A) relative to

other months, while leaf N remained at moderate

levels (Figure 6B). The great disparity in PNUE

estimates was attributable, in large part, to much

greater specific leaf mass (and total N content) of

J. virginiana, rather than large differences in leaf N

concentration or photosynthetic rates.

Figure 4. Potentially mineralizable carbon and nitrogen

(mean ± SE) measured with 30-day laboratory incuba-

tions in forest and grassland soils collected in July

(growing season) and October (non-growing season)

2004 (note: break between 20 and 400 on Y-axis) (A).

Potentially mineralizable carbon and nitrogen are also

expressed on a total soil C or N basis to provide an index

of potential yield (B).
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DISCUSSION

Substantial changes in aboveground primary pro-

ductivity and the storage of C and N in plant and

soil pools occurred following replacement of native

grasslands by J. virginiana forests. However, the

hypothesized changes in plant–soil feedback loops

Figure 5. Net nitrogen mineralization rates (mean ± SE) (A), net ammonification rates (B), and net nitrification rates (C)

based on in situ assays on 15 sampling periods from June 2003 through June 2005. Mean monthly temperature (dotted

line, left Y-axis) and precipitation (bars, right Y-axis) during the study period are also presented (D).
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that were predicted to decrease soil N availability

and exacerbate potential N limitation following

conversion of grassland to J. virginiana forests did

not occur. There was no evidence of changes in soil

labile N pools (for example, microbial biomass), or

reductions in substrate quality (potentially miner-

alizable N) or field N mineralization rates measured

over a two-year period. This phenomenon raises

two questions: (1) are there specific mechanisms

that compensate for the large amounts of N

immobilized in J. virginiana plant and soil pools,

which might otherwise lead to decreased N avail-

ability? and (2) are there plant–soil interactions

that allow these forests to maintain similar labile N

pools and a trend for greater N availability?

Ecosystem C and N Accrual

Large differences in the productivity of J. virginiana

forests compared to the grasslands they replace

(Norris and others 2001a) contribute to large accu-

mulations of C and N in a relatively short period

(�45 years). Ecosystem C accrual in J. virginiana

forests in the current study was significant; an

additional 7,870 g C m)2 in J. virginiana forests

compared to paired grassland sites (Table 1). If our

estimates of C storage included root biomass of

J. virginiana, total ecosystem C accrual could be

much greater. Root:shoot ratios of J. virginiana may

range from about 25% (Cairns and others 1997) to

40% as seen in J. occidentalis (Miller and others

1990). Considering the aboveground biomass of

these forests (15,641 g m)2) there could be as much

as 6,257 g m)2 of belowground biomass. Assuming a

root tissue C concentration of about 50%, these

forests could sequester 1,955–3,128 g C m)2 in

belowground biomass, compared to 430–543 g C

m)2 in local grasslands (Seastedt and Ramundo

1990).

Although J. virginiana forests store the bulk of

newly accrued C aboveground, there were also

significant increases in soil organic C and N (Fig-

ures 1A, B, 2). The accrual of total SOC was rela-

tively uniform with depth (Figure 2A); however,

replacement of old SOC with new forest inputs was

greatest at the mineral soil surface (48%) and

decreased rapidly with depth (Figure 2B). Carbon

accrual in J. virginiana forest mineral soils is

important in reducing potential losses, such as

during fire, thus allowing long-term C sequestra-

tion. Our results contrast with Jackson and others

(2002), who found an apparent 57% reduction in

SOC (59% in SON) in the top meter after 40 years

of Juniperus encroachment in a Texas grassland, but

are consistent with other studies that have found

SOC accretion in shallow soils ( £ 35 cm) associated

with encroachment of Juniperus and other conif-

erous trees (Miller and others 1990; Klemmedson

and Tiedemann 2000; Bates and others 2002;

Smith and Johnson 2003; Grünzweig and others

2007). Jackson and others (2002) reported that

the greatest differences in Juniperus-derived SOC

(assessed with d13C) and SOC were found between

approximately 20–100 cm, which suggests that

SOC dynamics and storage potential could be diff-

erent at sites with deep soils. The lack of differences

Figure 6. Net photosynthetic rates (Amax) (solid line, left

Y-axis) and precipitation (bars, right Y-axis) (A), percent

leaf N (B), and leaf-level photosynthetic nitrogen use

efficiency (C) (mean ± SE) of J. virginiana and A. gerardii,

a dominant C4 grass in tallgrass prairie.
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in soil C:N ratios in this study (Figure 1C), despite

significant gains in total SOC and N, may help

maintain site fertility and contribute to high pro-

ductivity in forested sites. Increased SOC and N

without changes in soil C:N ratios have also been

observed with encroachment of Prosopis glandulosa,

a N-fixing shrub, in arid grasslands (Hughes and

other 2006; Wheeler and others 2007).

Juniperus occidentalis, endemic to the northwest-

ern U.S., has also promoted large accumulations of

C after encroaching into grasslands. For example,

total ecosystem C (that is, aboveground biomass,

litter and upper 10 cm of soil), of a mature (108- to

231-year-old) J. occidentalis forest was 13,622 g C

m)2 (Tiedemann and Klemmedson 2000) com-

pared to 11,476 g C m)2 for the younger (35- to 75-

year-old) J. virginiana forests in this study. How-

ever, ecosystem C allocation differed between these

two species, with more C allocated to aboveground

biomass and less to mineral soil in J. occidentalis,

whereas litter C totals were nearly identical for

both Juniperus species. In comparison, encroach-

ment in the southern Great Plains by P. glandulosa

shrubs resulted in an accumulation of 1,900–

4,300 g C m)2 in comparable pools within 21–

68 years (Hughes and others 2006).

Significant ecosystem N accumulation of

approximately 132 g N m)2 also occurred following

J. virginiana encroachment, amounting to a 44%

increase compared to grasslands. Juniperus occiden-

talis caused similar increases in ecosystem N accrual

(51%) after encroaching into adjacent grassland

(Tiedemann and Klemmedson 2000). Significant N

accrual has occurred in other cases of woody plant

encroachment into grasslands (Hibbard and others

2001; Hughes and others 2006; Liao and others

2006; Wheeler and others 2007), but the dominant

woody invaders in these studies typically have been

species with the potential to fix N. However, the

potential role of N-fixation in promoting ecosystem

N accrual in newly established woodland ecosys-

tems is unclear (Wheeler and others 2007). Nitro-

gen accrual may be a ubiquitous and necessary

change in ecosystem properties with woody plant

encroachment into North American grasslands.

Accrual of ecosystem N (�3 g N m)2 y)1) in

aboveground plant biomass and shallow soil pools,

coupled with sustained higher aboveground pro-

ductivity, provides strong evidence that J. virgini-

ana communities can compensate for greater N

immobilization in plant and soil organic pools.

Maintenance of labile N pools (for example,

microbial biomass N and potentially mineralizable

N) (Figures 3, 4) and greater N availability

(cumulative annual net N mineralization) in shal-

low mineral soils of J. virginiana forests provide

evidence that plant–soil feedback loops do not de-

crease N availability and increase potential soil N

limitations.

Differences in plant or ecosystem level NUE of

J. virginiana may contribute to the high produc-

tivity of these forests. Higher ecosystem-level NUE

in J. virginiana forests relative to grasslands was

noted in a previous study (Norris and others 2007).

However, photosynthetic nitrogen use efficiency (a

leaf-level metric of N use) of J. virginiana as mea-

sured in this study was over an order of magnitude

less than that of the dominant C4 grass, A. gerardii,

in adjacent grasslands (Figure 6C). Higher PNUE in

A. gerardii is attributable to greater photosynthetic

rates (Figure 6A) and less N on a specific leaf mass

basis. The leaf N concentration in living A. gerardii

tissue varied considerably over the growing season,

with a high in May of 2.56% ± 0.24 to a July low

of 1.03% ± 0.06, and N concentration was signifi-

cantly related to photosynthetic rates (df = 6, R2 =

0.646, P £ 0.01). Conversely, leaf N concentration

varied little in J. virginiana tissue over the entire

year, and there was no relationship between leaf

tissue N concentration and photosynthetic rates

(df = 6, R2 £ 0.01). These instantaneous mea-

surements of NUE at the leaf level demonstrate that

J. virginiana cannot assimilate C at nearly the same

rate as a dominant C4 grass per unit N over short-

time periods, but J. virginiana can retain adequate N

content in their leaves to maintain photosynthesis

year round (Knapp and others 2008). Greater

canopy leaf area, longer leaf life-span, and most

notably the ability to photosynthesize year round

when grasses are senescent contribute to greater

overall annual ecosystem NUE (Norris and others

2007) and primary productivity (Field and Mooney

1983; Miller and others 1987; Escudero and

Mediavilla 2003) despite very low instantaneous

N-use efficiencies of these Juniperus forests.

The long-term suppression of fire in J. virginiana

forests eliminates ecosystem N losses by combus-

tion, which is a major pathway of N loss in regional

grasslands (Blair and others 1998), and likely con-

tributes to increased total ecosystem N storage in

J. virginiana forests. Depending on aboveground

standing stocks, grasslands lose substantial amounts

of N (1–4 g N m)2) when burned (Ojima and others

1994; Blair 1997), and elimination of fire in J. vir-

giniana forests allows conservation of N that would

otherwise be volatilized. The average standing

stock of N in aboveground grassland biomass at our

sites was about 3 g N m)2 during the mid-growing

season, but decreased to 1.8 g N m)2 following

senescence. Assuming that these forests developed
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in the absence of fire for an average of approxi-

mately 45–50 years and that the adjacent grass-

lands burned annually, the elimination of fire

could account for as much as 60–70% of N accrual

in J. virginiana forests.

It is also possible that additional exogenous

sources of N may be important in the N budgets

of aggrading J. virginiana forests. Estimates of

annual above-ground plant N uptake in compara-

ble J. virginiana forests obtained from a similar

study in the Flint Hills (Norris 2000) indicate that

the requirement of J. virginiana forests for N (5.9 g

N m)2 y)1) was about 3.5· greater than that of

adjacent grassland communities (1.7 g N m)2 y)1)

and this demand greatly exceeded estimated

annual net N mineralization rates in the top 10 cm

of the soil (1.4 g N m)2 y)1). Greater plant N

demand and sequestration in J. virginiana forests

suggest that potential N limitations may be allevi-

ated to some extent by inputs from additional

exogenous sources (for example, enhanced scav-

enging of atmospheric inputs), particularly because

these forests developed on very shallow soils which

might constrain access to deep soil N. However,

potential sources of exogenous N, and their

importance in J. virginiana forest budgets, remains

to be investigated (see McKinley and others 2008).

Soil C and N Flux

In total, the results of field and laboratory assays

suggest that N availability, as indexed by net N

mineralization, was similar or tended to be greater

(by �46% when considering cumulative annual

rates) in J. virginiana forest soils relative to grass-

land soils (Figures 4, 5A). This trend for greater N

mineralization in forest soils is contrary to our

initial prediction of reduced net N mineralization,

relative to grasslands. In contrast, and in support of

our original hypothesis, potential soil CO2-C flux

(Figure 4A, B) tended to be less in J. virginiana

forests compared to adjacent grassland soils on a

bulk soil basis (repeated measures ANOVA,

F2,5 = 4.46, P = 0.077), or relative to the total SOC

pool (repeated measures ANOVA, F2,5 = 6.68,

P = 0.039). This is consistent with reported slower

turnover of C in J. virginiana soils, compared to

grasslands (Smith and Johnson 2004). Lower soil

CO2-C flux relative to the overall C pool size in J.

virginiana soils (Figure 4B) may contribute to the

significant increase in C concentration in forest

mineral soil (40.3 ± 1.2 mg C g soil)1) compared to

grassland soil (32.5 ± 1.8 mg C g soil)1) (F1,6 =

7.42, P = 0.01). Differences in litter quality or abi-

otic conditions may also facilitate soil C accrual in

newly established J. virginiana forests. Norris and

others (2001b) found that decomposition of fresh

J. virginiana litter was significantly slower that

decomposition of litter from the dominant grass,

A. gerardii, owing to differences in litter chemistry.

Juniperus virginiana roots and surface litter have

higher percentage of lignin compared to the dom-

inant C4 grass (Andropogon gerardii) (Norris and

others 2001b), which is important in controlling

decomposition and N mineralization, and forming

recalcitrant C compounds (Scott and Binkley

1997). Recalcitrant C sources may become more

prevalent in later stages of decomposition, slowing

C mineralization in the long term (McClaugherty

and Berg 1987), which may contribute to the

accretion of soil organic pools and increasing per-

centage of forest-derived C comprising SOC (38%

in the upper 10 cm of mineral soil, Figure 2B).

Greater N mineralization rates in forest soils have

important implications for whole ecosystem pro-

cesses. The ability to maintain, or increase soil N

availability, as J. virginiana forests encroach into

grasslands may contribute, in part, to their greater

productivity or C uptake relative to the grasslands

they replace, which may affect plant community

dynamics and ecosystem C storage. Increases in soil

resource availability are commonly observed with

shrub/woodland encroachment in arid and semi-

arid regions, and with encroachment of N-fixing

woody plant species (Schlesinger and others 1990;

Scholes and Archer 1997; Hibbard and others 2001;

Hughes and others 2006; Liao and others 2006;

Wheeler and others 2007). This study suggests that

Juniperus encroachment may create similar, al-

though smaller magnitude, increases in resource

availability in more mesic grasslands.

Juniperus forest soils generally have much lower

temperatures (as much as 7�C lower at 5 cm),

which may constrain potential C and N minerali-

zation under field conditions (McKinley and others

2008). Smith and Johnson (2004) found that soil

temperatures explained most of the variance in

field CO2 flux in Juniperus forests and grasslands,

and soil CO2 flux was lower because of lower mean

temperatures in J. virginiana soils. Comparisons of

parallel in situ and laboratory incubations suggest

that conditions in the field in both ecosystems are

sub-optimal for N mineralization, because in situ

net N mineralization rates in the growing season

were approximately 6% and 3% of laboratory-

based potential net N mineralization rates in J.

virginiana and grassland soils, respectively. In the

non-growing season, in situ net N mineralization

rates were a similar proportion (7%) of potential

rates in forests, whereas grassland soils seem to be
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closer to optimum conditions for N mineralization

rates, with in situ rates approximately 34% of

potential rates. However, it is also important to

note that soils used in the laboratory incubations

were disturbed more than the cores incubated in

the field, which likely inflated potential N miner-

alization estimates. Intra-annual variation in tem-

perature and precipitation appear to be important

drivers of seasonal differences in field net N min-

eralization and net nitrification rates in both eco-

systems (Figure 5A, C, D), but differences in the

microclimate of forests and grasslands may con-

tribute to more subtle differences in C and N

cycling between ecosystems.

Differences in substrate composition and micro-

climate, however, do not create the expected

plant–soil feedback loop that would result in lower

N availability and stronger N limitation on plant

productivity following the encroachment of Juni-

perus forests into grassland. Even though organic C

concentrations in forest soils (mineral soil) are

greater, and a greater proportion of SOC in the

mineral soil is unavailable or slowly utilized by soil

microbes, as evidenced by reduced C flux relative

to the overall C pool size (Figure 2B), N minerali-

zation tends to be greater than adjacent grasslands.

In the long-term, slower C turnover in forest soils

may contribute to greater SOC pools in the mineral

horizon, an important long-term stable C sink.

Future Directions and Conclusions

For more than a century, an increase in cover and

biomass of Juniperus spp. and other woody plants

has converted millions of hectares of grasslands

across a broad spectrum of climatic conditions to

woodlands and forests, but the future of these

communities and consequences for large-scale

biogeochemical processes is uncertain. Ecosystem

models that couple biogeochemical processes with

plant community changes will be valuable in

forecasting the consequences of Juniperus forest

encroachment in the Great Plains and elsewhere.

These models will require detailed field data on C

and N pools and fluxes, such as those provided in

this and other related studies (Smith and Johnson

2003; Norris and others 2007). Alterations in global

or regional climate, increased atmospheric CO2

concentrations, N-deposition, and human land-use

activities that could hasten, halt, or reverse Juni-

perus forest encroachment should be considered in

the development of new ecosystem models. In the

central Great Plains, most forecasted global changes

are expected to favor Juniperus forest expansion

(Knapp and others 2008). Elsewhere, increases in

prolonged drought may lead to large-scale mortal-

ity of Juniperus spp., as has occurred in south-

western North America (Breshears and others

2005). In parts of the western US, invasions by

non-native grasses have altered fire regimes and

started to reverse the process of woody plant

encroachment (Bradley and others 2006). Al-

though the future of Juniperus communities re-

mains obscure, the ability of newly established

forests to sustain relatively high productivity for at

least several decades has broad implications with

respect to rapid stand development, rates of po-

tential ecosystem C accrual, and more broadly, the

strength and timing of potential C sinks in ecosys-

tem models developed for the Great Plains, and

other grasslands and savannas experiencing similar

ecosystem transitions (Van Auken 2000; Briggs and

others 2005).
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