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Abstract Woody encroachment into herbaceous ecosys-

tems is emerging as an important ecological response to

global change. A primary concern is alterations in C and N

cycling and associated variations across a variety of eco-

systems. We quantified seasonal variation in litterfall and

litter N concentration in Morella cerifera shrub thickets to

assess changes in litterfall and associated N input after

shrub expansion on an Atlantic coast barrier island. We

also used the natural abundance of 15N to estimate the

proportion of litterfall N originating from symbiotic N

fixation. Litterfall for shrub thickets ranged from

8,991 ± 247 to 3,810 ± 399 kg ha-1 year-1 and gener-

ally declined with increasing thicket age. Litterfall in three

of the four thickets exceeded previous estimates of

aboveground annual net primary production in adjacent

grasslands by 300–400%. Leaf N concentration was also

higher after shrub expansion and, coupled with low N

resorption efficiency and high litterfall, resulted in a return

of as much as 169 kg N ha-1 year-1 to the soil. We esti-

mated that *70% of N returned to the soil was from

symbiotic N fixation resulting in an ecosystem input of

between 37 and 118 kg ha-1 year-1 of atmospheric N

depending on site. Considering the extensive cover of

shrub thickets on Virginia barrier islands, N fixation by

shrubs is likely the largest single source of N to the system.

The shift from grassland to shrub thicket on barrier islands

results in a substantial increase in litterfall and foliar N

concentration that will likely have a major impact on the

size and cycling of ecosystem C and N pools. Increasing C

and N availability in these nutrient-poor soils is likely to

permanently reduce cover of native grasses and alter

community structure by favoring species with greater N

requirements.

Keywords Barrier islands � Stable isotopes �
Woody encroachment

Introduction

Woody plant encroachment in historically herbaceous

ecosystems has been documented for a variety of ecosys-

tems and is emerging as a key area in the study of global

change (Archer et al. 1995; Wessman et al. 2004; Briggs

et al. 2005; Sturm et al. 2005). The global nature of this

phenomenon has led many to argue that expansion of

woody plants is linked to global phenomena such as

warming or atmospheric CO2 enrichment (Archer et al.

1995). While climate warming appears to be a key factor

facilitating woody plant expansion in arctic and alpine

systems (Sturm et al. 2005), Archer et al. (1995) makes a

compelling case against the CO2 enrichment hypothesis

and effectively argues that regional factors, such as chan-

ges in fire regime and grazing pressure are directly linked

to woody encroachment. However, on barrier islands along

the Virginia, USA coast, increases in atmospheric CO2

appear to be the only trend in global change that would

favor woody expansion (Young et al. 2007). Virginia

barrier islands lack the history of land management

observed in arid and semi-arid systems discussed

throughout Archer et al. (1995), yet have experienced rapid

rates of woody encroachment in the last 60 years, even in

the presence of a rising sea level (Young et al. 1995, 2007).
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While a further synthesis of existing data is necessary to

better determine the role of CO2 enrichment on woody

encroachment, the phenomenon does not follow traditional

successional models of disturbance and recovery and could

be viewed as a state transition induced by persistent global

change (Briggs et al. 2005; Young et al. 2007).

While the extent of changes in woody abundance has

been described for a variety of systems (Goslee et al. 2003;

Briggs et al. 2005; Sturm et al. 2005; Young et al. 2007),

quantifying impacts of shrub expansion on ecosystem

properties is more difficult due to spatial and temporal

complexity and the extended time-scale over which shifts

in vegetation occur (Wessman et al. 2004). One of the few

opportunities to study long-term consequences of shrub

expansion is provided by accreting shorelines on barrier

islands, which result in large variations in community age

over relative small spatial scales (Hayden et al. 1991).

Fluctuations in island size and shape are induced by natural

changes in currents that affect erosion and deposition of

sand and change shoreline position, often quite rapidly

(Hayden et al. 1991). Subsequent colonization by dune-

forming grasses is an expected outcome of this pattern but,

from 1949 to 1989, Hog Island, a barrier island along the

Virginia coast also experienced a 400% increase in shrub

cover following expansion of the northern end of the island

(Young et al. 1995). While an increase in shrub abundance

in this system has generally been viewed in the context of

primary succession, shrub expansion on Virginia’s barrier

islands is not related directly to increases in upland area

and shares many characteristics with the broader global

trend of woody encroachment (Young et al. 2007).

One of the primary drivers of plant community com-

position and primary productivity on barrier islands is

availability of nutrients, especially N (Art et al. 1974;

Ehrenfeld 1990; Stalter and Odum 1993). As a conse-

quence, the dominant woody species on many barrier

islands of the southeastern United States is the N-fixing

shrub Morella cerifera (Young 1992; Young et al. 1995).

Commonly known as wax myrtle, M. cerifera is well

adapted to low-nutrient coastal soils (Young 1992). A

symbiotic association between members of Myricaceae

(which includes the genera Morella and Myrica) and the

actinomycete Frankia assures an adequate source of N

(Morris et al. 1974; Vitousek and Walker 1989; Young

et al. 1992). Furthermore, the evergreen leaf habit aides in

nutrient conservation by allowing plants to retain and

transport other foliar nutrients, including P, more effi-

ciently (Monk 1966; Killingbeck 1996). These

characteristics, along with high growth rates and bird-dis-

persed seeds, have enabled M. cerifera to form dense,

nearly monospecific stands on islands that are otherwise

dominated by herbaceous vegetation (Young et al. 1995;

Kwit et al. 2004).

Changes in ecosystem function after shrub expansion,

especially with regards to C and N cycling, are often quite

substantial (Vitousek et al. 1987; McCarron et al. 2003;

McCulley et al. 2004; Hughes et al. 2006). Shrubs and

other woody vegetation in grasslands act to reduce soil

erosion, subsidize nutrient inputs by intercepting atmo-

spheric inputs and serve as a nutrient reservoir, especially

in sandy and/or low-nutrient soils (Garcı́a-Moya and

McKell 1970; Vitousek et al. 1987; Joy and Young 2002).

Furthermore, shrub expansion is often accompanied by

substantial changes in annual net primary production

(ANPP) and changes in tissue chemistry that affect both

litter quality and quantity (McCarron et al. 2003; McCulley

et al. 2004; Hughes et al. 2006). For example, Briggs et al.

(2005) observed a consistent trend of increased leaf N

concentration when shrubs replaced grasses, especially

when expanding shrubs were N-fixers. Although N con-

servation is an important strategy for most plants in

nutrient-poor soils, N-fixing species are often less profi-

cient in resorption of N from senescing parts than other

species and often contribute substantial N to the soil

through litterfall (Killingbeck 1996; Sprent et al. 1978;

Permar and Fischer 1983; Uliassi and Ruess 2002).

Increased litter N concentration can be expected to increase

rates of litter decomposition and increase N availability in

soils thereby changing community dynamics (Melillo et al.

1982; Permar and Fischer 1983; Aber et al. 1990; Ulery

et al. 1995; Berg et al. 1996). Previous estimates of soil N

beneath M. cerifera shrub thickets and in soils without M.

cerifera were 791 ± 195 and 321 ± 14 lg g-1, respec-

tively (Young et al. 1992).

In addition to quantifying shifts in C and N cycling, it is

also useful to determine principal sources of ecosystem N

inputs. Previous studies have attempted to quantify atmo-

spheric N2 fixation by stands of N-fixing plants by scaling

up from C2H2 reduction assays that measure nitrogenase

activity (Permar and Fischer 1983; Vitousek et al. 1987;

Uliassi and Ruess 2002). However, spatial and temporal

patterns of nitrogenase activity in root nodules are complex

and highly variable and attempting to extrapolate assay

results to annual N2 fixation in natural ecosystems is

unreliable (Shearer and Kohl 1989; Halvorson et al. 1992;

Sande and Young, 1992). Shearer and Kohl (1989) and

Halvorson et al. (1992) suggested that measurements of N

fixation using the natural abundance of 15N in plant tissues

are more integrative and, therefore, more accurate.

To understand the impact of woody encroachment on C

and N cycling, changes in litterfall and associated N inputs

must be quantified and dominant sources of N determined.

Our primary objectives were to quantify variations in lit-

terfall and litter N concentration of four M. cerifera shrub

thickets representing a chronosequence of shrub expansion.

These data were compared to previously measured values
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of aboveground ANPP and foliar N of adjacent grasslands

to determine how shifts in dominant growth form affect

litterfall C and N inputs into the system. Furthermore, we

examined seasonal trends in litterfall and litter N concen-

tration to assess temporal variation of C and N return

throughout the year. Finally, we used the natural abun-

dance of d15N to estimate the fraction of N in M. cerifera

tissues that originated from actinomycete-induced N

fixation.

Materials and methods

Study site

Fieldwork was conducted from April 2004 to November

2006 on the northern end of Hog Island (37�270N,

75�400W), a barrier island located *10 km east of the

eastern shore of Virginia, USA. Hog Island is *1,200 ha,

10 km long and 2.5 km across at its widest point. The

island is part of the Virginia Coast Reserve, managed by

The Nature Conservancy, and is an NSF-funded Long-

Term Ecological Research (LTER) site. The northern end

of the island has been accreting *5 m year-1 for

*140 years resulting in a chronosequence of progressively

older soils as one moves west across the island from the

ocean shoreline (Hayden et al. 1991; Shao et al. 1998). As

the island has expanded, a series of dense thickets, domi-

nated by the shrub M. cerifera, has developed with thicket

age increasing with soil age. Thickets now cover *40% of

the upland area on the island (Young et al. 2007). Four

thickets in order of increasing age are the Colonizing

thicket (8 years), the Young thicket (15 years), the Mid-

Island thicket (25 years), and the Bay Side thicket

(45 years). Adjacent grasslands are dominated by perennial

grasses: Spartina patens and Ammophila breviligulata

(Dilustro and Day 1997).

Experimental procedure

Ten sites in each thicket were randomly selected and a

plastic litter trap, *0.30 m2 in area and 0.15 m deep, was

placed at each site in April 2004. Litter was collected every

6 weeks from April 2004 to May 2005; however, the final

sampling period was *12 weeks due to logistical diffi-

culties associated with traveling to the island. Litter was

dried at 70�C for 4 days, separated into leaf, woody and

reproductive (i.e., fruits and flower parts) components, and

weighed to the nearest 0.1 g. To analyze litter N concen-

tration, ten leaves were selected from each thicket for each

of three collection periods (May, September and January).

Additionally, five samples each of woody and reproductive

litter, taken throughout the year, were analyzed for each

thicket. All samples were ground before analysis in a

Wiley mill with a 40-mesh screen. N concentration was

determined as a percentage of dry weight using the Pregl-

Dumas pure-oxygen combustion method (Perkin-Elmer

2400 elemental analyzer; Perkin-Elmer, Wellesley, Mass.).

Resorption efficiency of foliar N was determined for each

thicket as a percentage of fresh leaf N concentration by

comparing N per unit area of fresh leaves collected during

September 2006 from sites adjacent to litter traps and leaf

litter collected during November 2006. N content was

converted to a weight per unit area basis using values of

specific leaf area (leaf area per unit leaf weight) for fresh

leaves and subsequent litter for each site (S. Brantley,

unpublished data). Leaf area was determined as described

in Young and Yavitt (1987).

Percent of N from fixation was estimated using the 15N

natural abundance method as described by Shearer and

Kohl (1989). In September 2006, fresh leaves were col-

lected from non-N fixing species (hereafter referred to as

‘‘non-fixers’’) growing within and immediately adjacent to

shrub thickets. Non-fixers were selected based on location

(particularly with respect to elevation) and rooting char-

acteristics and included Baccharis halimifolia (also a

shrub) and Rubus sp. Fresh leaves were also collected from

each M. cerifera thicket, and from M. cerifera seedlings

that rely primarily on N fixation (hereafter referred to as

‘‘fixers’’) due to severe soil N limitation (Young et al.

1992). Fresh leaves were dried at 70�C for 4 days and

ground in a Wiley mill with a 40-mesh screen. Isotopic

composition of N was expressed as d15N which represents

the deviation from the ratio of 15N:14N for atmospheric N2.

Fractional contribution of biological N fixation (Fbfn) was

estimated using the isotopic dilution expression:

Fbfn = ðd15Nsoil � d15NmixÞ � ðd15Nsoil � d15NatmÞ�1

where d15Nsoil is the isotopic abundance in plants that rely

primarily on soil N (‘‘non-fixers’’), d15Nmix is the isotopic

abundance in plants that use both soil and atmospheric

fixation (M. cerifera thickets), and d15Natm is the isotopic

abundance of plants that rely primarily on symbiotic N

fixation (‘‘fixers’’).

Statistical analysis

Leaf litterfall and leaf litter N concentration were analyzed

using two-way ANOVA to test for interactions between

site and season. Post hoc comparisons (Tukey) were per-

formed as described in Zar (1999). Data for woody and

reproductive litter N concentration, total litterfall, d15N of

fresh leaves, and d15N of litter were analyzed by ANOVA

and post hoc tests (Tukey). N concentration of fresh leaves
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and leaf litter were compared with Student’s t-tests and

also to verify that there was a significant difference in d15N

between N fixers and non-fixers. Total content of biologi-

cally fixed N in leaves was estimated as the product of litter

mass, litter N concentration, and the estimated fraction of

fixed N. For all tests, P-values B 0.05 were considered

significant. Unless otherwise noted, all statistics were

performed in SPSS 11.5.

Results

Total annual litterfall (i.e., leaves, woody, and reproductive

litter) of M. cerifera varied over twofold among sites

(F = 50.350, P \ 0.001) with the Young thicket producing

the most litter and the Bay Side thicket producing the least

(Table 1). Leaf litterfall also varied significantly by site

(F = 54.862, P \ 0.001); however, there was no significant

difference in leaf litterfall between the Young and Colo-

nizing thickets. Higher total litterfall in the Young thicket

was primarily due to a higher production of woody litter

(Table 1). Reproductive litterfall did not vary among the

three youngest thickets but was significantly lower in the

Bay Side thicket (F = 6.135, P = 0.002).

Although leaf litterfall varied by season (F = 69.604,

P \ 0.001), there was a significant interaction (F = 8.221,

P \ 0.001) between site and season (Fig. 1). Litterfall

increased significantly for all thickets from early May to

late June which coincides with leaf flush at the start of the

growing season. The Mid-Island thicket had the highest

leaf litterfall of the four thickets during the late spring

litterfall pulse and this was the highest rate observed during

the study (34.3 ± 1.7 kg ha-1 day-1). Lowest leaf litter-

fall for all thickets was observed from late June to mid-

August. Litterfall increased significantly beginning in mid-

August and continued to increase to nearly the same rates

observed during May for all sites except the Mid-Island

thicket. The Mid-Island thicket experienced a small,

though significant, increase in litterfall in late September

but leaf litterfall in fall and winter did not approach spring

levels.

Litter N concentration, averaged across all sites was

1.68 ± 0.04, 0.79 ± 0.04, and 1.49 ± 0.08% for leaf,

woody and reproductive litter, respectively (Table 1). N

concentration of woody (F = 1.811, P \ 0.186) and

reproductive (F = 0.846, P \ 0.489) litter did not vary by

site. In comparison, N concentration of leaf litter varied

significantly (F = 20.837, P \ 0.001) by site but did not

vary by season (F = 3.251, P \ 0.111) (Fig. 2). Estimated

total N from litterfall (the sum of the product of litterfall

and N concentration for all litter types) was highest for the

Young thicket (169 kg ha-1 year-1) and lowest for the

Bay Side thicket (53 kg ha-1 year-1) (Table 1). Averaged

across all sites, 85% of total litter N was from leaf litter,

10% was from reproductive litter and 5% was from woody

litter.

Mean N concentration of fresh M. cerifera leaves varied

significantly among thickets during the growing season

(F = 4.802, P = 0.022). Post hoc tests showed that only

Mid-Island (1.75 ± 0.02%) and Bay Side (1.96 ± 0.02%)

thickets differed significantly with neither of those thickets

having significantly different values for leaf N than the

Young (1.84 ± 0.06%) or Colonizing thickets

(1.86 ± 0.05%). Overall resorption efficiency of M. cerif-

era for all thickets was 15%; however, this value also

varied by site. The Colonizing thicket had the highest

resorption efficiency with 26% and resorption declined

with increasing soil age (15% in the Young thicket, 10% in

the Mid-Island thicket, and 8% in the Bay Side thicket).

Overall, there was relatively little variation in d15N

among species and among sites (Fig. 3). No significant

differences were detected in d15N among M. cerifera

Table 1 Mean litterfall (divided into leaf, woody and reproductive components), total litter N content, and estimated annual input of fixed N (all

in kg ha-1 year-1) from Morella cerifera litterfall for four shrub thickets on Hog Island, Virginia. N concentration, as a percentage of dry

weight, is shown in parentheses for each component. Fraction of biologically fixed N was estimated using the natural abundance of 15N. All

means are shown with 1 SE

Bay Side Mid-Island Young Colonizing

Total annual litterfall 3,810d ± 399 6,466c ± 259 8,991a ± 247 7,79b ± 325

Leaf (%N) 2,732c ± 323

(1.54b ± 0.14)

5,179b ± 191

(1.38b ± 0.14)

6,853a ± 274

(2.13a ± 0.11)

6,70a ± 226

(1.66b ± 0.12)

Woody (%N) 667b ± 99 (0.84a ± 0.03) 477b ± 104 (0.63a ± 0.09) 1,249a ± 148

(0.80a ± 0.12)

339b ± 55 (0.9a ± 0.07)

Reproductive (%N) 411b ± 54 (1.33a ± 0.18) 810a ± 54 (1.48a ± 0.17) 888a ± 54 (1.4a ± 0.16) 749a ± 142 (1.67a ± 0.09)

Total litterfall N content 53 87 169 127

Proportion of fixed N 0.70 0.70 0.70 0.70

Fixed N annual input 37 61 118 89

Significant differences among thickets are noted by different letters
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thickets (F = 1.178, P = 0.362) so data were pooled across

all sites before further analysis. Isotopic composition of the

N-limited fixers was -1.2 ± 0.1 d15N which compares

very well to values observed in other studies for seedlings

grown in an N-free medium (Hurd et al. 2005). The dif-

ference in d15N between non-fixers and fixers was only 0.8.

Although small, this difference was significant (t = 2.324,

P = 0.036). Using the dilution expression described above

with fixers and non-fixers, we estimated that *70% of

foliar N concentration was from actinomycete-induced N

fixation. When the fraction of fixed foliar N is factored

with total litterfall N content, at least 37–118 kg ha-

1 year-1 of N was fixed by M. cerifera thickets depending

on age.

Discussion

The influence of shrub thicket expansion on litterfall and

associated N input in the barrier island ecosystem was

substantial. High productivity of young stands of M. cer-

ifera resulted in annual litterfall that exceeded litterfall

reported for other shrub-dominated systems and temperate

forests and compared with the lower end of values often

cited for tropical forests (Gray and Schlesinger 1981;

Barbour et al. 1999; Martinez-Yrizar et al. 1999; Norby

et al. 2003). By comparison, aboveground annual net pri-

mary productivity in grasslands adjacent to shrub thickets

ranged from 2,260 to 2,740 kg ha-1 year-1 (Dilustro and

Day 1997). In our study, litterfall alone of shrub thickets

was 1.4–4.0 times greater than grassland ANPP depending

on site. N concentration of leaf litter from M. cerifera was

also 1.6–4.6 times higher than N concentration of the two

dominant grasses on the island (Dilustro and Day 1997).

The coupling of high litterfall and high litter N concen-

tration resulted in large quantities of N cycling through
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litterfall and explains the large differences in soil N

between sites with and without M. cerifera previously

observed by Young et al. (1992).

Our data are consistent with Uliassi and Ruess (2002),

who concluded that the best predictor of ecosystem inputs

of fixed N by Alnus tenuifolia was leaf area. The primary

driver of N cycling in stands of M. cerifera was variation in

litterfall. Although the Bay Side thicket occupies the old-

est, most N-rich soils on the island (Young et al. 1992), this

site consistently had the lowest litterfall of the four thickets

while the two youngest thickets produced the most litter.

Seasonal differences in litterfall were also observed across

the chronosequence. Three of the four sites experienced

two periods of increased leaf litterfall during the year: a

brief spring pulse coinciding with the beginning of new

leaf growth and a longer period of increased litterfall in

autumn. However, the Mid-Island thicket did not show a

large increase in litterfall during the autumn relative to

other thickets, indicating that shrubs at this site retain more

leaves throughout the winter. In spring, the Mid-Island

thicket had the highest rate of litterfall even though the two

younger sites had higher annual litterfall. The ability to

retain more foliage through winter may be an important

mechanism for nutrient conservation in two ways. First,

retention of older foliage through spring leaf-out may

facilitate more efficient translocation of nutrients, such as P

(Monk 1966; Killingbeck 1996), that are required for N

fixation but are extremely limiting in the sandy, barrier

island soils (Art et al. 1974; Ehrenfeld 1990; Young 1992).

Second, abscission of large quantities of N-rich leaf litter at

the beginning of the growing season may reduce N loss

from the stand and supplement the N supply during the

growing season when nutrients are in highest demand.

Most important for this coastal system, continuous litterfall

and consistently high N concentrations result in a relatively

constant input of organic matter and associated N to the

soil rather than a single pulse characteristic for deciduous

systems (e.g., Norby et al. 2003). This may be especially

significant for N cycling in sandy soils typical of coastal

systems where nutrient retention is minimal (Art et al.

1974).

Our results also suggest that a large fraction of foliar N

in M. cerifera comes from actinomycete-induced fixation

of atmospheric N2. We must qualify this statement based

on the slight isotopic differences between fixers and non-

fixers. Characteristics inherent to this system make it dif-

ficult to distinguish between N fixed by M. cerifera and N

from other sources. For instance, atmospheric deposition is

likely the main source of N for the system where M. cer-

ifera is absent and the d15N values of nitrates and NH4
+

(dominant forms of N in atmospheric deposition) have

been measured at -1.1 and -0.5, respectively (Russell

et al. 1998); very similar to the -1.2 observed for N fixers

in this study. According to Russell et al. (1998), while d15N

of dissolved organic N was +5, it accounted for only 13%

of total N in wet deposition which, in any event, was rel-

atively low. Furthermore, because soils are relatively

young (*5–140 years), enrichment of 15N often observed

in better developed soils has yet to occur. Lack of vari-

ability in d15N signatures from soils is likely the reason we

were unable to detect differences among thickets across the

chronosequence and as a result, we pooled our site data.

Generally, such small differences in d15N could be due to

natural variations in N fractionation in the plants and would

not be considered adequate for the model we used (Shearer

and Kohl 1989); however, there were significant differ-

ences between the two end members of our model and our

data followed the trend we expected.

We should also point out that our estimates are of input

of fixed N through litterfall and do not reflect total N fix-

ation because they do not account for fixed N that is

incorporated into living stems or belowground structures.

Nonetheless, our estimates for annual input of fixed N from

litterfall are comparable to estimates of total N fixation for

many other actinomycete–plant associations (Hibbs and

Cromack 1990) and considerably higher than some esti-

mates for other species within Myricaceae. For instance,

Vitousek et al. (1987) estimated that Myrica faya contrib-

uted 18 kg ha-1 year-1 to volcanic soils and Sprent et al.

(1978) estimated N loss through litterfall in Myrica gale

was 30 kg ha-1 year-1 for wetlands in central Scotland.

Other estimates are more comparable. Bond (1951) esti-

mated Myrica gale fixation at 90 kg ha-1 year-1 based on

laboratory studies and Permar and Fischer (1983) used in-

field measurements to predict that stands of 100% Myrica

cerifera could fix as much as 130 kg N ha-1 year-1. Both

studies used C2H2 reduction assays to estimate potential N

fixation and the latter value was based on an extrapolation

from 8 to 100% cover for the sites studied. Laboratory

studies of nitrogenase activity in M. cerifera seedlings

using soils from Hog Island also show very high rates of N

fixation (Sande and Young 1992), but extrapolation to

island shrub thickets from seedlings grown in environ-

mental chambers would be unrealistic.

Although incorporation of fixed N into other tissues

(stems and roots) was not accounted for in our study, N

content of leaves likely represents a majority of fixed N.

While standing wood and belowground tissues represent

the largest component of biomass in the system, relative N

concentration of these tissues is substantially lower than

photosynthetic tissues measured in our study (Conn and

Day 1993; D, Young, unpublished data). Furthermore,

Halvorson et al. (1992) concluded that N from atmospheric

fixation in legumes was preferentially directed to photo-

synthetic tissues while roots contained elevated levels of
15N. Torrey (1978) also reported that N fixed in nodules is
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rapidly transported to the shoot and that fixed N is pri-

marily returned to the soil through leaf litterfall.

Because shrub thickets now cover a large portion of the

island, N fixation and subsequent litterfall in this species

may be the single largest source of soil N for this system.

Other sources of N for barrier islands include atmospheric

deposition and fixation by free-living microbes (Ehrenfeld

1990). However, neither of these sources is likely to

approach our estimation of annual N input by litterfall

within shrub thickets (Sprent and Sprent 1990; Meyers

et al. 2001). Atmospheric deposition for Hog Island Bay,

the shallow lagoon that separates Hog Island from the

mainland, has been estimated at *8 kg ha-1 year-1

(Meyers et al. 2001) which is less than 22% of our estimate

for shrub litterfall input at the least productive site. Cur-

rently, no estimation for free-living microbial fixation

exists for Hog Island or, to our knowledge, similar systems,

and it is difficult to generalize based on current literature

because of the wide variation in edaphic factors across the

island (e.g., soil moisture, salinity, microbial diversity)

(Stewart 1975; Sprent and Sprent 1990). Low P and

organic matter content of the sandy soils is likely to limit N

fixation by heterotrophic bacteria, and low incident light

within shrub thickets and relatively low soil moisture

content on dunes may limit N fixation by cyanobacteria

(Stewart 1975; Sprent and Sprent 1990; Young et al. 1992;

Brantley and Young 2007).

Previous studies on the consequences of shrub

encroachment have shown that effects of shrub expansion

on C and N cycling, including changes in C and N storage

and soil respiration, vary widely depending on precipitation

and/or edaphic characteristics including soil type and size

of pre-existing C and N pools (Jackson et al. 2002; Hughes

et al. 2006; Wheeler et al. 2007). McCulley et al. (2004)

concluded that there was an increase in both soil respiration

and ecosystem C and N storage after shrub expansion in

subtropical savanna. However, McCarron et al. (2003)

measured a significant decrease in soil respiration and no

change in C or N storage in tallgrass prairie. Hughes et al.

(2006) also measured no change in surface soil C and N

pools, despite substantial changes in aboveground C and N.

Jackson et al. (2002) concluded that mesic systems with

large soil C pools could serve as a C source after

replacement of grasses with woody vegetation because of

increased soil respiration. Although further work is needed,

ecosystem responses on barrier islands are likely to be

greater than in systems with large pre-existing C and N

pools because of young, sandy soils characteristic of the

islands.

We show that dense thickets of M. cerifera on Hog

Island produce a large quantity of N-rich litterfall that may

rapidly increase C and N cycling. Increases in litter accu-

mulation after thicket expansion, coupled with associated

long-term increase in N inputs, will likely have irreversible

effects on species composition by contributing to reduced

cover and diversity of native grasses (Day et al. 2004).

Even where shrubs have declined, thickets have been

maintained by continued shrub recruitment (Brantley and

Young 2007). In the absence of major disturbance, shrubs

may be replaced by maritime forest species with higher N

requirements (Ehrenfeld 1990). Perhaps more importantly,

when ecosystem N limitation is mediated by expansion of

N-fixing shrubs in nutrient-poor environments, associated

increases in C sequestration may constitute an important

terrestrial sink for atmospheric CO2 that must be accounted

for in models of global C cycling (Houghton 2003;

Woodbury et al. 2007). The dramatic shift in growth form

we observed with barrier island shrub expansion further

underscores the necessity for quantification of these chan-

ges on a global scale.
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