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Groundwater availability mediates the ecosystem effects
of an invasion of Prosopis pallida
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Abstract.  Groundwater levels in arid environments are dropping worldwide due to
human extraction, and precipitation events are predicted to become rarer and more intense in
many arid areas with global climate change. These changes will likely alter both primary
productivity and plant-soil nutrient cycles. To better understand the nature of such
alterations, we examined effects of groundwater availability on plant—soil nitrogen (N)
cycling in areas invaded by the N-fixing phreatophyte, Prosopis pallida, on the dry leeward
coast of Hawai'i Island. Our aims were to quantify effects of groundwater availability to P.
pallida on rates of litterfall N inputs and accretion in soils and to quantify effects of
groundwater availability on N mineralization and leaching rates of inorganic N under natural
rainfall conditions and simulated rain events. Stem water 8'30 values indicate that P. pallida
trees in lowland plots accessed shallow groundwater, while in upland plots they relied solely on
rainfall. During drought periods, P. pallida at upland plots experienced water stress, evidenced
by lower stem water potentials, higher water-use efficiency, and lower predawn photosynthetic
performance than at lowland plots. Prosopis pallida basal area was 5.3 times greater at lowland
plots, and these plots exhibited 17 times higher carbon (C), 24 times higher N, and 35 times
higher phosphorus (P) additions via litterfall, indicating that productivity of this phreatophyte
was decoupled from rainfall where groundwater was present. Total N mass in soils was 4.7
times greater where groundwater was accessible, supporting the case that groundwater access
increased N, fixation at a stand level. In contrast, N mineralization and leaching losses from
soils, though substantially greater in lowland relative to upland areas, were strongly controlled
by rainfall. Results provide clear examples of how invasive species with particular functional
attributes (i.e., N-fixing phreatophytes) exploit otherwise inaccessible resources to dramat-
ically alter the functioning of the systems they invade and how anthropogenic changes to
hydrological processes can also alter ecosystem-level impacts of biological invasions. Results
also illustrate a mechanism by which regional groundwater drawdown may reduce soil

nutrient accretion and availability in arid regions.
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INTRODUCTION

Demand for water currently exceeds renewable
freshwater supply in much of the world’s arid and
semiarid lands (Oki and Kanae 2006), which collectively
represent 30—40% of the world’s terrestrial surface
(Dregne 1991, Austin et al. 2004). Human population
growth in these regions has risen rapidly in recent
decades with totals now exceeding one billion people
(Koohafkan and Stewart 2008). Today, these systems
face two distinct changes to water regimes and water
supply. First, many of the people in these regions are
heavily dependent on groundwater resources for agri-
culture and domestic use, and water consumption in
excess of recharge rates has resulted in region-wide
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reductions in groundwater tables (Stromberg et al. 1992,
Postel 1993, Shah et al. 2003, Yang et al. 2003, Scanlon
et al. 2006, Rodell et al. 2009). Because the masses of
water in many such aquifers are high relative to natural
inputs or outputs (McMahon et al. 2011, Currell et al.
2012), groundwater levels in these aquifers may be slow
to recover from withdrawals by humans (Vitousek et al.
1997). Second, rainfall in arid regions is forecast to
change due to increases in global surface temperatures;
many arid regions are expected to experience declines in
overall rainfall (CSIRO 2001, Parry et al. 2007) with
extended dry periods (i.e., drought) and increases in
intensity of rainfall events (Burke et al. 2006, Hunting-
ton 2006, Oki and Kanae 2006, Durack et al. 2012).
These changes in water availability are likely to result in
periods of increased dependence on groundwater avail-
ability for both natural and irrigated systems and
vegetation die-off and dieback (Breshears et al. 2005,
Adams et al. 2009, Munson et al. 2012), as well as
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alterations to plant productivity, water use, nutrient
cycling, and, ultimately, ecosystem function.

Rainfall is not only seasonal but episodic in ecosys-
tems that receive very low precipitation (Noy-Meir
1973), and such pulses determine the functioning of
these arid ecosystems. Large rainfall events allow for
more rapid growth periods, during which limitation of
primary production shifts towards a dependence on
nutrient availability, especially N (Fisher et al. 1988,
Burke et al. 1997, Austin et al. 2004). Fixation and
mineralization of N in arid soils is, in turn, strongly
dependent on temporal and spatial patterns of water
availability. For example, N fixation by lichen and
microbial communities in arid soils increases following
rainfall (Belnap 2002, 2003), and the fixation rates of
symbiotic N-fixing plants are sensitive to drought (Serraj
et al. 1999, Abdelhamid et al. 2011). Microbial processes
responsible for release of N from litter to inorganic soil
pools are also tied to water availability. Rates of leaf
litter break down increase with rainfall (Austin and
Vitousek 2000, Yahdjian et al. 2006), and mineralization
of soil organic N increases rapidly following rainfall
events (Schimel and Parton 1986, Austin et al. 2004).
These microbial processes may be more sensitive to
small rain events than are responses of plants. Small rain
events with sufficient frequency, large enough only to
wet the surface layers of soil and not increase nutrient
movement to the root surface, provide a mechanism by
which mineralization of N may occur significantly in
excess of plant uptake (Singh et al. 1989). This
asynchrony of N availability and plant demand in arid
regions allows N to be lost at higher rates relative to
total pools than in temperate systems and those with
higher, more consistent rainfall (Austin and Vitousek
1998, Austin et al. 2004). The mechanisms for this N loss
are via leaching of mineralized N to deep soils and
groundwater at rates higher than plants are able to
negate through uptake (Walvoord et al. 2003, Johnson
et al. 2007), leaching of dissolved organic compounds
(Perakis and Hedin 2002), or gaseous losses from surface
soils (Peterjohn and Schlesinger 1991, Schlesinger and
Peterjohn 1991, Mummey et al. 1994, Seitzinger et al.
2006). Determinants of the magnitude of leaching and
gaseous losses in arid soils remain poorly understood
(Austin et al. 2004), but these processes transfer
considerable amounts of N below the depth of desert
plants roots (Walvoord et al. 2003) and to the
atmosphere (Houlton and Bai 2009).

In arid and semiarid landscapes, symbiotic N-fixing
tree and shrub species often contribute a large portion of
the total, new fixed N added to soils (Cleveland et al.
1999). Nitrogen-fixing phreatophytes, deep rooted spe-
cies that obtain much of their water from the saturated
zone, are common in arid and semiarid regions
worldwide and have been further spread through these
regions globally for human need (Pasiecznik et al. 2001,
Richardson et al. 2011). The dual ability to access
groundwater and acquire N via symbiotic N fixation
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alleviates water and N limitations, respectively, allowing
such species to contribute significantly to nutrient
cycling and productivity in arid systems outside of
seasonal periods of high rainfall (Rundel et al. 1982).
Increased water availability to otherwise drought-
stressed N fixers is likely to provide C and water
required for increased N fixation rates (Serraj et al.
1999) and resources for P acquisition from soils
(Houlton et al. 2008). Phreatophytic plants may also
extract nutrients from groundwater (Arndt et al. 2004),
which may be redistributed to surface soils via litter
inputs, providing nutrients that can sustain plant or
microbes or be lost from the ecosystem. Previous studies
demonstrate that where phreatophytes or N-fixing
species invade ecosystems, they have the capacity to
fundamentally alter the functioning of those ecosystems
(Vitousek et al. 1987, Di Tomaso 1998). Where species
are both N fixers and phreatophytes, we would expect
their capacity to alter function to be amplified further.
We would also expect such capacity to be constrained
where critical resources are limited. For example, rates
of N fixation and productivity by leguminous phreato-
phytes may be relatively high where groundwater is
abundant and available and severely constrained where
it is not.

The volcanic lava flows of Hawai'i Island provide
standardized soil environments in which to study
nutrient dynamics in plant communities. Lava laid
down in individual flows provides substrate of a single
age that is chemically homogenous at the time of
deposition. Nitrogen is virtually absent from this parent
material (Vitousek 1995), and the relative abundance of
nutrients available to plants growing on these flows
change predictably through time (Vitousek and Far-
rington 1997, Hedin et al. 2003). Most rainfall along
leeward Hawai‘i occurs at relatively high elevations and
percolates to groundwater (Giambelluca et al. 2013);
this flow of groundwater is the primary land to sea
hydrologic connection on this coast. At the coastline,
freshwater originating upslope is present at shallow
depths in the lava substrates (i.e., 3-5 m), presumably
within the potential rooting zone of phreatophytic tree
species. These conditions create an ideal setting in
lowland, leeward Hawai‘i in which to examine the
influence of shallow groundwater availability and
rainfall pulses on primary productivity and N cycling
in arid soils.

Invasion by Prosopis pallida across much of coastal
leeward Hawai'i, areas formerly occupied by native dry
forest communities, offers an opportunity to examine
changes in the cycling of both water and N in a low-
rainfall system. The genus Prosopis is a dominant
component of native vegetation across millions of
square kilometers of Central and South America,
southwest USA, Asia, central and north Africa, and
the Middle East (Rundel et al. 1982, Johnson and
Mayeux 1990, Pasiecznik et al. 2001). This genus also
now occurs as a nonnative introduction throughout
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much of Australia, the Sahel region, and South Africa,
in pockets through east and north Africa, throughout
India, and Hawaii (Pasiecznik et al. 2001, Adams et al.
2010). Prosopis pallida was introduced to Hawaii in the
early 19th century and has naturalized from early
planting efforts to now cover approximately 3.5% of
the total land area of the Islands (~59 000 hectares). It is
found almost exclusively on leeward coasts of the main
Hawaiian Islands (Gallaher and Merlin 2010), areas that
approximate environmental conditions found in its
native range. Within this system, we asked firstly, how
do the physiological functions of this dry-system legume
respond to variations in rainfall, with and without
groundwater access? Secondly, how does groundwater
access alter N input rates of P. pallida, and does this lead
to differences in nutrient accretion in soils? Thirdly, how
does groundwater availability affect soil N mineraliza-
tion and leaching rates of inorganic N under low rainfall
conditions and heavy rain events? Our hypotheses were
(1) groundwater access would release lowland stands
from physiological effects of dry season drought; (2)
groundwater access would increase acquisition rates of
C, N, and P by P. pallida and thus their input to lowland
soils; and (3) net N mineralization rates and leaching
losses would increase in proportion to mean daily
rainfall and soil N pools, resulting in higher minerali-
zation and leaching rates in lowland areas, where we
predicted N input rates would be highest. We address
these hypotheses using a data time series from a single
lava flow, where P. pallida had established and
proliferated from plantings in 1894 (Maly and Maly
2011). The high porosity of the basalt lava layers present
in leeward Hawai'‘i results in low surface water flow and
a consistent groundwater flow at heights close to sea
level driven by high altitude recharge (Johnson et al.
2008, Peterson et al. 2009). We measured physiological
responses of upland and lowland stands to rainfall, stem
density and basal area, nutrient input rates through
litterfall and soil nutrient accretion, and cycling between
areas of the stand with and without groundwater access.

METHODS
Study system

Our study was conducted along the coastline and
upslope from Kiholo, within the boundaries of Kiholo
State Park located on the western, leeward coast of
Hawai‘i Island (19.84° N, 155.93° W). Lowland, leeward
areas of the Hawaiian Islands are typically very dry, and
rainfall in our study area occurs as sporadic small events
in summer months and larger events from October to
March (Giambelluca et al. 2013). While original coastal
dry forests in this area were typically composed of native
trees Erythrina sandwicensis (Wiliwili), Reynoldsia sand-
wicensis (‘Ohe), Abutilon incanum (Ma‘o), and the grass
Heteropogon contortus (Pili), most leeward areas are
now dominated by nonnative grasses and N-fixing trees,
particularly P. pallida and Leucaena leucocephala
(Cuddihy and Stone 1990, D’Antonio and Vitousek
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1992, Wagner et al. 1999). We focused on a lava flow of
age ~3000 yr BP (Wolfe and Morris 1996). Mean
annual precipitation of the area is ~270 mm based on a
30-year average (Giambelluca et al. 2013), and mean
annual temperature in the park over the two years of the
study was 24.9°C. Physical soil conditions consist of a
discontinuous layer of soil over fractured pahoehoe
basalt bedrock; soils throughout the area of study are
clayey, isotic, nonacid, isohyperthermic, lithic torrior-
thents (Web Soil Survey, data available online)*. Near
the coastline, groundwater is present at a height very
close to that of sea level, affording potential groundwa-
ter access to vegetation growing in that zone. During dry
periods, vegetation consists almost exclusively of mono-
specific stands of Prosopis pallida; these are augmented
by an ephemeral understory cover of the native herbs,
Sida fallax (‘llima) and Waltheria indica (‘Uhaloa) that
emerge following large rain events (see Plate 1).

Experimental design

Our various tree- and stand-level measurements were
made within 10 circular plots of 40 m diameter, five of
which were located in a coastal band of the pahoehoe
flow centered at 19.8506° N, 155.9321° W, and five
located on the same flow ~1.5-km inland and centered
at 19.8381° N, 155.9300° W. Lowland plots (L1-L5)
were situated between 0 and 15 m above sea level, and
upland plots (U1-US5) were located between 60 and 70 m
above sea level. Rainfall was measured only at plots Ul
and L1. Upland site measurements were made using an 8
inch diameter tipping bucket rain gauge connected to a
Hobo event logger (Onset Computer Corporation, Cape
Cod, Massachusetts, USA). Lowland site rainfall
measurements were made using a CS700 rain gauge
(Campbell Scientific, Logan, Utah, USA) connected to a
CR3000 data logger (Campbell Scientific, Logan, Utah,
USA). We monitored temperature at these two plots
with Onset Hobo H8 Pro loggers, shielded from direct
sunlight by plastic dishes. Humidity was also recorded at
the lowland site (plot L1) with an HMP45C humidity
probe (Vaisala, Vantaa, Finland).

Determination of plant water sources

We used oxygen stable isotope ratios (8'%0 values) to
evaluate the differences in water sources for P. pallida in
upland and lowland plots. We characterized groundwa-
ter sources from quarterly collections (December 2010—
September 2012) of water-filled lava tube caves at two
locations within the study area. We collected precipita-
tion samples at plots Ul and L1 using funnels linked to
PVC containers with mineral oil to prevent evaporation.
Precipitation was collected as composite samples accu-
mulated from 11 November to 22 December 2010, from
22 December 2010 to 22 March 2011, from 22 March
2011 to 7 June 2011, and thereafter at weekly intervals

4 http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.
aspx
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from 7 June 2011 to 22 September 2012. All water
samples were collected in acid washed syringes and
filtered through Whatman GF/F filters (GE Healthcare
Life Sciences, Little Chalfont, Buckinghamshire, UK)
into crimp seal vials without headspace. We collected
soil samples for water extraction from 3-5 cm depth in
all plots on 22 June, 22 September, and 22 December
2011. We collected P. pallida stem samples in each of the
ten plots, sampling quarterly from December 2010 to
September 2012. We collected one fully suberized P.
pallida stem segment approximately 5 cm in length from
four trees within each plot (n =5 composite samples for
each site and date). Stem segments and soil samples were
immediately placed in 20-mL glass vials with screw-top
lids and sealed with Parafilm (Bemis Flexible Packaging,
Neenah, Wisconsin, USA), kept on ice during transport,
and frozen until analyzed.

We analyzed relative contributions of rainwater and
groundwater to stem water with single isotope, two
source Bayesian mixing models (Moore and Semmens
2008, Jackson et al. 2009). Calculations were performed
for each area and season (wet, 23 September—22 March;
dry, 23 March—22 September) from wet season 2010—
2011 to dry season 2012. We calculated seasonal 3'*0
end-members and their standard deviations from §'%0
values of individual water samples taken throughout the
season (i.e., six samples in each site for groundwater,
and one value for each rainfall sample). We used
precipitation 8'80 values rather than those of soil water
for this analysis due to the observations that P. pallida
sap flow in upland areas was strongly dependent on
rainfall and reduced to near zero during dry periods (Y.
Miyazawa et al., unpublished manuscript), and during
these dry periods we saw depletion in soil 8'0 values
below those of the most recent rainfall, due possibly to
the diurnal adsorption of atmospheric water vapor
(Agam and Berliner 2004, Wen et al. 2012). This
approach assumes that 'O-enrichment of soil water
associated with evaporation prior to plant uptake was
minor compared to the differences in source (ground-
water and rainwater) signatures and equal between sites.
These assumptions are supported by tendencies toward
low fractionation of water isotopes in permeable soils
(Gat 1996) and very similar air temperatures near
ground level at the two sites (Appendix 1). Results of
the SIAR model (Jackson et al. 2009) are presented as
upper and lower 95% highest density region (HDR)
estimates of groundwater contribution.

Stem water extraction and §'%0 analysis of all water
samples were performed at the Stable Isotope Ratio
Facility for Environmental Research (SIRFER) at the
University of Utah (Salt Lake City, Utah, USA). Stem
water extraction was performed following West et al.
(2006). 8'%0 values were measured by isotope ratio
infrared spectroscopy (IRIS) on a wavelength-scanned,
cavity ring-down spectrometer (WS-CRDS) model
L1102-i water analyzer (Picarro, Sunnyvale, California,
USA). Samples were analyzed against three lab reference
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materials calibrated to Vienna Standard Mean Ocean
Water (VSMOW). Instrument precision for 8'%0 values
was *+0.2%o.

Plant water stress and foliar nutrient concentrations

We measured water potential values quarterly within
plots Ul and L1 at the upland and lowland sites using a
Scholander-type pressure chamber (PMS, Corvallis,
Oregon, USA). Water potential was measured in the
three hours before dawn (Wpp) as an estimate of
maximum daily water availability, and again on the
same day between 11:30 and 14:00 (Wump) as an
indicator of midday water stress. Two replicate canopy
stems were measured and averaged for eight haphaz-
ardly selected trees within each plot on each date (n =238
per plot). The maximum quantum yield of photosystem
II (F,/F,,) was measured quarterly at plots Ul and L1
using an Aquation portable shutter fluorometer (Aqua-
tion, Umina Beach, New South Wales, Australia). We
measured two mature canopy leaves of eight trees (n=28)
within each plot in the three hours before dawn as an
estimate of water stress effects on photosynthetic
performance (Maxwell and Johnson 2000, Resco et al.
2008).

We collected eight mature leaves from four haphaz-
ardly selected trees at all plots for leaf mass per area
analysis (LMA). Leaf area was measured using an LI-
1300 leaf area meter (LI-COR Biosciences, Lincoln,
Nebraska, USA). Leaves were dried at 70°C to a
constant mass and weighed. LMA values for individual
leaves within each plot were averaged prior to analysis (n
=<5 plots per site). We pulverized dried leaves using a
Wig-L-Bug grinding mill (Crescent Dental, Chicago,
Illinois, USA) to make a composite sample for each plot
(n =5 plots per site) and analyzed for percentages of C,
N, and P and 8"°C and 8'"°N at the Experimental
Program to Stimulate Competitive Research (EPSCoR)
analytical laboratory at the University of Hawai'i at
Hilo. Percent C and N were determined by thermal
combustion using a Costech 4010 Elemental Analyzer
(Costech Analytical Technologies, Valencia, California,
USA). Samples were dry ashed (500°C for 5.5 h),
dissolved in 1 mol/L HCI, and analyzed using a Varian
Vista MPX ICP-OES (Varian Analytical Instruments,
Walnut Creek, California, USA) to determine percent-
age of P. Duplicate samples of 2.5 mg of powder were
loaded into tin capsules and analyzed for C and N
isotope composition using a Costech 4010 elemental
combustion system interfaced to a Thermo Delta V
Advantage isotope ratio mass spectrometer (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). All
8'°C and 8'°N values were normalized to Pee Dee
Belemnite and air standards respectively, using USGS
samples 40 and 41. The standard analytical error
between duplicate analyses was calculated using Na-
tional Institute of Standards and Technology (NIST)
standard 1547 and was lower than *=0.3%o for N and
+0.1%0 for C. We collected eight leaves from each of
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four Sida fallax plants within each plot on four,
quarterly sampling dates from March 2011 to December
2011 as a reference to assess N fixation by P. pallida
using 8'°N natural abundance (Shearer and Kohl 1986).
The contribution of symbiotic fixation to foliar N was
estimated using a single isotope, two source mixing
model for the upland site, as described in Methods:
Determination of plant water sources, and a three source
model for the lowland site, where groundwater was
accessible. At the lowland site, the midpoint of the N
contribution for groundwater was constrained at 4.4%
using prior information from transpiration data (Y.
Miyazawa et al., unpublished manuscript) and dissolved
inorganic N concentrations in groundwater (B. Dudley,
unpublished data). The 3N value of biologically
available soil N was estimated from S. fallax leaf tissue
averaged over all time periods and plots; the standard
deviation for this value was calculated from variation in
mean values between plots. The 8N value and
standard deviation of N from fixation were estimated
at 0% and 1%o, respectively (Hogberg 1997, Bedard-
Haughn et al. 2003). A groundwater 3'°N value and
standard deviation of 3.16%. and 0.24%o, respectively,
were used based on results of sampling beneath the
lowland site (B. Dudley, unpublished data). This method
assumes negligible '"“N/'°N fractionation during N
uptake and assimilation of all N sources for both
reference and N-fixing plants and that the reference and
N-fixing plants utilize components of the soil N pool
with differing 8'°N values equally (Hogberg 1997).

Basal area, stem density, and litterfall

We determined P. pallida stand-level basal area and
stem density by measuring the basal diameter (i.e.,
diameter near ground level, but above any root collar
flaring or buttressing) for all stems encountered within
each plot. We collected litterfall from each plot using
four 0.18 m?, 6 cm deep trays lined with 1-mm mesh
fiberglass screen. We placed litter traps 15 m from the
center point at each of the plots at bearings of 45°, 135°,
225° and 315° and collected litter at monthly intervals
between 9 August 2011 and 8 August 2012. Collected
litter was dried to a constant mass at 70°C, weighed, and
sorted into categories: P. pallida leaves; P. pallida wood,
bark, and stems; P. pallida flowers, pods, and beans; and
other plants (all parts). Prosopis pallida components
were considered separately because this species contrib-
uted the vast majority (>95%) of litter to each plot. For
each tissue type, litter mass of the plot was averaged by
month. We estimated annual litterfall biomass inputs in
each site (upland and lowland) by tissue type from the
sum of the monthly litter mass. We calculated nutrient
concentrations in litter at each plot at each site from two
composite samples collected over three months of each
litter type from within the wet season, and two further
composite samples collected over three months from
within the dry season. Composites were 9 August—7
November, 7 November—5 February, 5 February—5
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May, and 5 May-3 August. Composite samples were
initially ground to ~2 mm using a Wiley Mill (Thomas
Scientific, Swedesboro, New Jersey, USA), homogenized
by vigorous shaking and stirring, and subsampled. The
subsample was pulverized using a Wig-L-Bug grinding
mill and analyzed for percentages of C, N, and P, (e
and 8'°N as described in Methods: Plant water stress and
foliar nutrient concentrations. Carbon, N, and P per-
centages were determined for the dominant litter type
(P. pallida leaves) and all other litter types combined.
We examined relative constraints on nutrient availability
to P. pallida in upland and lowland sites by determining
resorption efficiency of N and P (the percentage of
nutrients resorbed from senesced leaf litter compared to
attached green leaves, e.g., (foliar N — litter N) X 100/
foliar N) and C:N, C:P, and N:P in leaf and litter. We
compared values from attached leaves in quarterly
samplings in December 2011-September 2012 to mean
quarterly values for litter (e.g., December 2011 leaf
values were compared to pooled litter values for
November—January). Because we found no seasonal
differences in these relationships, we compared yearly
averages for upland and lowland sites. We estimated
monthly and yearly mass of C, N, and P falling as litter
inputs at each plot by multiplying dry mass of each litter
category by the C, N, and P concentrations of that litter

type.
Soil nutrient content and soil N responses to rainfall

We examined soil N pools, net N mineralization rates,
and leaching losses of NH4" and NO;~ from surface
soils using soil core incubations. We used intact soil
cores that were fitted at both ends with bags of ion
exchange resin (DiStefano and Gholz 1986). Cores were
80 mm in length, with a 34-mm internal diameter. Resin
bags were made of nylon stocking material, filled with
2.5 g of mixed-bed ion exchange resins (IONAC NM-60
H+/OH-form, type I 16-50 mesh beads; J. T. Baker,
Phillipsburg, New Jersey, USA), formed around a thin
PVC ring with an external diameter slightly smaller than
the internal diameter of the tube. Bags were covered
with 2-mm mesh-size nylon webbing to reduce damage
during deployment and retrieval. All materials used in
the construction of the resin bags were acid washed,
rinsed thoroughly in deionized water, pH checked, and
dried prior to construction. Resins were not acid
washed. The upper resin bag was not analyzed and
was present to remove dissolved N from rainwater
entering the soil core.

We placed soil cores at three randomly selected
points within each of the five upland and five lowland
plots for each incubation. At each point, we extracted
an initial core in the nearest patch of soil sufficiently
deep to accommodate it, removed it, and placed it in a
cooler for transport to the laboratory for analysis of N
pools and soil moisture. We extracted a second core
immediately adjacent to the extraction point, placed
mixed-bed resin bags above and below the plug within
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the core sleeve, and returned it to its extraction point
where it remained in place for the duration of the
incubation. Net mineralization was calculated by
subtracting extractable inorganic N per gram dry mass
of soil in the initial soil sample from that in the
incubated sample. Initially, we deployed and recovered
soil cores over the course two in situ incubations (i.e.,
from November 2011 to February 2011 and from
February to May 2012), during which time no
additional water was added. We subsequently carried
out four additional 30-day soil core incubations (i.e.,
from March to April 2012, July to August 2012, and
two sets from January to February 2013) in which we
added deionized water to the cores at weekly intervals
to simulate rainfall events. In the first two water
addition incubations, water was added in amounts to
match rainfall conditions in December 2010 and
January 2011, which stimulated a significant amount
of herbaceous and tree growth in the site. At each
deployment, 50 ml of deionized water was added to
each core and 10 ml weekly for three subsequent weeks.
During January and February 2013, we deployed two
additional sets of cores concurrently; in the first set of
cores, 25 mL H,O was added at deployment and 5 mL
H,O0 added weekly for the three following weeks. In the
second, 10 mL H,O was added at deployment, followed
by 2.5 mL in the three subsequent weeks. At the
conclusion of each deployment, we removed the
incubated core, placed it on ice, and returned it to the
laboratory for analysis of N pools. Each soil core,
whether initial or incubated, was passed through a 2-
mm sieve before extraction. Pools of NH," and NO5~
were determined for each core sample from 10 g of
fresh soil added to 100 mL of 2 mol/L potassium
chloride (KCl). This solution was agitated on a shaker
table for 6 h, after which time the solution from each
sample was filtered through Whatman #1 filter paper.
Resin bags were treated in a manner similar to soil
extracts. We removed the outer mesh of the bottom
resin bag from each soil core, rinsed the bags with
deionized water to remove attached soil, shook them
vigorously to remove excess water, placed each bag in
50 mL of 2 mol/L KCl, and agitated them on a shaker
table for 6 h. Sample extracts and standards were
frozen immediately after filtration. All KCIl extracts
were analyzed colorimetrically for NO;-N (method
modified from EPA 353.2) and NH4-N (method
modified from USGS [-2525-89) using a Technicon II
Autoanalyzer (Pulse Instrumentation, Milwaukee,
Wisconsin, USA) at the University of Hawai‘i at Hilo.
Soil samples from the time zero cores of the August
2012 deployment were analyzed to determine total C,
N, and P percentages and organic content, as well as
3'3C and 5'°N values. This soil was passed through a 2-
mm sieve, dried at 70°C to a constant weight, ground to
a fine powder using a Wig-L-Bug grinder, and analyzed
at the University of Hawai'i at Hilo for C, N, and P
content and 8'*C and 8'°N values in the same manner
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as leaf and litter samples. While carbonates were not
expected to be present in the parent basalt that form
these soils, we confirmed the absence of marine-derived
carbonates by adding subsamples of the soils used in
8'3C analysis to 1 mol/L HCI and watching for
bubbling. Gravimetric moisture content was deter-
mined by drying soil samples at 105°C to a constant
mass. We combusted an additional subsample in a
muffle furnace for 6 h at 500°C to calculate organic
matter content. We calculated soil texture from pooled
samples of two further randomly placed soil cores from
each plot. Because these soils had high organic matter
content, we removed organic material by mixing soil
with deionized water, adding 10 mL of 30% H,O,
solution, and heating to 80°C. We repeatedly added 10-
mL measures of H,O, until reactions slowed and soils
became bleached. Excess water and H,O, was removed
by boiling. Samples were then dried at 105°C for 48 h,
and 30 g of this sample analyzed for particle size using
the hydrometer method (Gee and Bauder 1979) with
sodium hexametaphosphate as a dispersant. We clas-
sified soil texture from particle sizes according to the
USDA system (Soil Survey Staff 1999). Soil bulk
density at each site was calculated from initial soil cores
collected November 2011 (n =<3 for each plot) and
January 2013 (n =6 for each plot). Soil from each core
was passed through a 2-mm sieve, weighed, and
adjusted to rock-free dry bulk density using site and
date specific gravimetric water content and the volume
of the soil core. Soil depths at upland and lowland sites
were estimated during April and May 2012 using
transects centered on the midpoint of each of the five
upland and five lowland plots. At each plot, five 40-m
transects were laid out in parallel, spaced 8§ m apart,
and soil depth was measured at 0.5-m intervals along
each transect by pushing thin steel rods into the soil
until they reached bedrock. Soil mass per hectare was
calculated as the product of rock-free dry bulk density
and soil volume at each plot and multiplied by site
specific soil C, N, and P content to obtain soil C, N,
and P mass per hectare.

Data analysis

We examined changes in leaf and stem nutrient
allocation, water use, and productivity indices using
linear mixed models (LMM) performed with PROC
GLIMMIX in SAS version 9.3 (SAS 2009). We
examined differences in foliar N and P content, foliar
55N and 8'3C, and leaf mass per area where the fixed
effects were site, time, and their interaction. We modeled
correlations among observations from the same plot due
to repeated measures over time for each response
variable. Based on Akaike’s information criterion
corrected for small sample sizes (AIC.), we used the
compound symmetric correlation structure for responses
of 8N, leaflet size, and leaf mass per area. The first-
order autoregressive, ante-dependence and heteroge-
neous Toeplitz correlation structures were used for
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Tasre 1. Estimated groundwater contributions to stem water in upland and lowland stands of Prosopis pallida.
Seasons Groundwater Preci?itation Soil water Stem water Upper 95% Lower 95%
and sites 3"%0 3%0 3'%0 3'"%0 HDR HDR
Wet 20102011
Upland —7.57 = 0.06 —5.56 £ 3.05 —7.50 = 1.00
Lowland —7.21 £ 0.06 —5.75 = 2.85 —7.72 £ 0.60
Dry 2011
Upland —7.47 £ 0.02 —0.72 = 1.54 —1.96 = 5.66 —3.34 £ 240 0.63 0.18
Lowland —7.16 = 0.01 —1.14 = 0.85 1.06 = 1.90 —7.39 £ 1.33 1 0.85
Wet 2011-2012
Upland —7.40 £ 0.09 —2.30 = 1.43 —8.06 = 4.57 —2.34 £ 1.39 0.21 0
Lowland —7.26 £ 0.10 —1.88 = 1.40 —1.71 £ 343 -7.09 = 1.21 1 0.80
Dry 2012
Upland —7.29 £ 0.01 —0.90 = 0.87 1.09 = 1.62 0.19 0
Lowland —7.14 £ 0.003 —0.52 = 1.39 —6.04 = 3.41 1 0.85

Notes: Shown are measured 5'0 values for groundwater, precipitation, soil water, and P. pallida stem water for wet season
(October to March) 2011 to dry season (April to September) 2012. Error terms listed for water source and stem water 8'30 values
are standard deviations. The two rightmost columns give upper and lower 95% highest density region (HDR) estimates of the
proportion of P. pallida stem water derived from groundwater, based on mixing between precipitation and groundwater sources.

Ellipses indicate no data possible.

foliar N content, foliar P content, and 5'°C, respectively,
again based on the AIC.. Fixed effects for water
potential and F,/F,, were site, time, and the interaction
between site and time. Tree nested with site and leaves
within tree were the random effects. Comparisons were
made between sites for each time period in all LMM
analyses using the slice function in PROC GLIMMIX,
which tests the significance of one fixed effect at each
level of another fixed effect. Nutrient translocation prior
to leaf abscission and yearly nutrient additions via P.
pallida litterfall and soil characteristics were compared
between upland (n = 5) and lowland (7 = 5) plots using
Welch’s ¢ tests. A natural log transformation was
performed on soil P per hectare data prior to analysis
to reduce differences in variances between upland and
lowland sites. Except for LMM analysis, statistical tests
were conducted with the base and SIAR packages of the
statistical software R, (R Development Core Team
2011). Error terms for means are reported as standard
error, unless otherwise specified.

REsuULTS
Water sources

Stem water 8'0 values indicated that groundwater
was the dominant source of water at lowland plots and
rainwater the dominant source of water for upland plots
during dry periods (Table 1; Fig. 1). Although the §'%0
values of groundwater were relatively consistent through
time at the two sites, the 8'%0 values of rainfall events
varied seasonally; values tended to be more depleted of
80 in heavy wet season rains and more enriched in'*O
in small rainfall events. Importantly, 8'%0 values of
heavy rainfall events during winter 2010-2011 over-
lapped those of groundwater. As a result, it was not
possible to determine contributions of these two water
sources to stem water for winter 2010-2011, and the
apparent contribution of groundwater to stem water in

upland plots during summer 2011 should be viewed with
some caution.

Climate

Patterns of rainfall and temperature were similar at
the two sites over the course of the study (Fig. 2;
Appendix A). Seasonal high temperatures of between
35°-36°C were recorded at both sites between July and
August in 2011 and 2012. The minimum temperature
recorded during the study was 15.9°C.

Measurements of plant water stress and foliar nutrient
concentrations

With the exception of a single sampling event in
March 2011 following sustained rainfall, predawn stem
water potential (Wpp) and midday stem water potential

O Upland rain A Lowland groundwater
@ Lowland rain ——Upland P. pallida stem water
A Upland groundwater — 8 — Lowland P. pallida stem water

-4
-6
-8
-10
Dec Apr Aug Dec Apr Aug
Date
Fi6. 1. Shown are 8'*0 values (mean * SE) of water

sources and stem water of Prosopis pallida from December 2010
to September 2012 in a coastal stand near Kiholo, a semiarid
area on the leeward coast of Hawai'i Island. Upland plots were
situated 60—70 m above sea level, while lowland plots were less
than 15 m above sea level.
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FiG. 2. Patterns of allocation indices, water use, and productivity in leaves and stems of P. pallida from 22 December 2010 to 27
September 2012, and foliar 8'°N values for Sida fallax from March to December 2011. Error bars show * SE. Panels (A—F) show
site means (7 =5 plots) for canopy leaves on each date. Panels (G—1) show means for stems (water potential) and canopy leaves (F,/
Fp) from trees (n = 8) from a single upland and a single lowland plot. With the exception of panel (D), asterisks at individual time
points of indicate upland and lowland means are statistically different at P < 0.05.

(Wmp) values were lower at the upland site relative to
the lowland site (Fig. 2F, G). Both upland and lowland
sites showed significant decreases in Wpp and Wyip
during periods of low rainfall in the latter months of the
study, and interactions between site and time likely
reflect a significantly greater response of Wpp and Wyp

to intermittent rainfall at the upland site compared to
the lowland site. Mean leaf 8'>C values were consistently
higher at upland plots, indicating higher integrated
water-use efficiency, and increased through time. The
lack of a significant interaction indicates that this trend
was similar for upland and lowland plots. (Fig. 2D).
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TasLE 2. Results of Type 111 tests of fixed effects from linear
mixed model (LMM) analyses for nutrient allocation, water
use, and productivity indices in leaves and stems of P.
pallida.

Variables and effects df F P

Foliar N content

Site 1, 64 3.03 0.086

Time 7, 64 524 <0.001

Site X time 7, 64 3.07 0.008
Foliar P content

Site 1, 5.08 0.03 0.878

Time 7, 5.86 3.59 0.072

Site X time 7, 5.86 6.61 0.019
Foliar '°N

Site 1, 8.00 252.83  <0.001

Time 7, 56.09 536 <0.001

Site X time 7, 56.09 2.44 0.030
Foliar 8'*C

Site 1, 8.71 6.76 0.030

Time 7,7.16 5.08 0.023

Site X time 7,7.16 1.86 0.214
Leaflet area

Site 1, 8.01 14.23 0.005

Time 7, 55.14 6.49  <0.001

Site X time 7, 55.14 3.10 0.008
Leaf mass per area

Site 1, 8.03 2.34 0.164

Time 7, 55.02 3.82 0.002

Site X time 7, 55.02 1.98 0.074
Predawn stem water potential

Site 1, 14.1 62.87  <0.001

Time 7,222.7 33.80  <0.001

Site X time 7,222.7 17.26  <0.001
Midday stem water potential

Site 1, 14.01 30.72 <0.001

Time 7, 226.1 44.58  <0.001

Site X time 7, 226.1 13.16  <0.001
Predawn F,/F,,

Site 1, 14.01 14.69 0.002

Time 7, 224.5 10.74  <0.001

Site X time 7,224.5 6.19  <0.001

Note: Shown are comparisons of upland and lowland sites
(site) over eight quarterly sampling periods (time) from
December 2010 to September 2012.

Prosopis pallida leaf 3'°N values at upland plots were 4—
6%o greater than those at lowland plots through the
duration of the study (Fig. 2C). Mixing model analysis
suggested symbiotic fixation contributions made up
between 23—41% of foliar N at the upland site and 37—
69% of foliar N at the lowland site over the period
studied. Predawn quantum yield (F,/F,,) values showed
an interaction between site and time. This was driven by
reduced values at the upland site, which coincided with
seasonal patterns or rainfall, rather than values at the
lowland site, which remained consistent throughout
changes in seasonal rainfall (Fig. 2H). P. pallida leaflet
size was consistently greater in lowland plots and greater
at both upland and lowland plots following rainfall,
leading to a significant time effect (Table 2). Leaf mass
per area was not different between sites and tended
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toward higher values in spring (March) and early
summer months. Foliar N values of P. pallida varied
between 2.98% + 0.13% (mean + SE) and 2.33 + 0.07%,
and there was an interaction between site and time for
both foliar N and P values, as leaves from upland plots
tended to have greater increases in N and P content
following rainfall and lower content during low-rainfall
periods (Fig. 2A, B).

Basal area, stem density, and litterfall

Mean stem density at lowland plots was approxi-
mately twice that of upland plots, and lowland trees had
greater average basal area, resulting in 5.3 times the
basal area per hectare in lowland plots (Fig. 3). Upland
trees mobilized greater amounts of foliar N and P prior
to leaf abscission; N resorption, P resorption, leaf litter
C:N, and leaf litter C:P values were all greater at upland
plots (Table 3). A greater leaf litter N:P indicated a
particular tendency to mobilize P prior to abscission in
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F1G. 4. Mass and nutrient content of litter fall from 8 August 2011 to 8 August 2012. Panel (A) gives mean daily litter masses
calculated from monthly collections on plots at upland (n = 5) and lowland (n =5) sites. Panels (B, C, and D) give nutrient masses
per unit area over the year measured. Different lowercase letters in each panel indicate significantly different mean nutrient masses
for the sum of all litter categories at P < 0.05. Error bars show =SE for the sum of all litter categories.

upland plots (Table 2). Litter mass inputs in upland
plots were 17 times lower compared to lowland plots, of
which P. pallida contributed >96% of total litterfall at
upland plots and >99.9% at lowland plots (Fig. 4A).

Concentrations of N and P in composited P. pallida leaf

litter samples ranged from 1.52% to 2.22% and between
0.05-0.10%, respectively. P. pallida wood, bark, and
stem litter ranged from 0.72% to 1.57% N and from
0.02% to 0.09% P, while bean, pod, and flower litter of

this species contained between 1.20-1.59% N and from

TaBLE 3. Nutrient resorption efficiencies and nutrient ratios for P. pallida leaves and leaf litter.
Variable Upland (n =<5) Lowland (n =<5) t df P

N resorption efficiency (%) 322 = 1.1 21.8 = 2.6 4.51 6.46 0.003
P resorption efficiency (%) 353 £23 19.2 = 1.7 5.09 7.94 <0.001
Leaf C:N 18.88 = 0.13 17.50 £ 0.29 —4.39 5.55 0.006
Litter C:N 26.49 = 0.25 21.566 = 0.44 -9.70 6.36 <0.001
Leaf C:P 447.87 = 10.43 419.41 = 17.61 —1.39 6.50 0.210
Litter C:P 672.69 = 24.45 500.87 = 19.98 18.18 9 <0.001
Leaf N:P 23.69 = 0.54 23.94 = 0.57 0.26 7.20 0.801
Litter N:P 25.13 = 0.68 23.13 = 0.48 —2.39 7.18 0.047

Notes: P < 0.05 indicates a significant difference between upland and lowland means. Resorption efficiency was determined
from nutrient content of attached leaves in quarterly samplings from December 2011 to September 2012 and mean nutrient content
for leaf litter collections over the same dates (see Methods). Shown are mean = SE. The ¢ values, df, and P values are for Welch’s ¢
tests for differences between upland and lowland sites.
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TaBLE 4. Mean soil physical and chemical characteristics at upland and lowland sites, all of which had silt loam soil texture as

defined by USDA.

Soil variable Upland (n =<5) Lowland (n =<5) t df P
Depth (cm) 2.96 + 0.26 3.54 + 0.45 1.11 6.46 0.305
Organic content (%) 11.94 = 0.77 55.81 + 4.18 10.30 427 >0.001
Clay (%) 12.38 = 1.67 11.03 + 1.47 —0.61 7.88 0.559
Silt (%) 55.86 + 2.02 44.75 = 5.19 —2.00 5.19 0.100
Sand (%) 31.76 + 1.76 4422 + 4.68 2.49 5.11 0.054
Bulk density (g/cm®)t 0.50 + 0.02 0.33 * 0.03 —4.45 7.48 0.002
qe 5.13 + 1.11 32.19 + 0.46 22.56 5.34 >0.001
Soil C (kg/ha) 7127 + 1061 39169 + 8959 3.55 4.11 0.023
e —20.83 = 0.27 —25.03 = 0.16 —13.55 6.53 >0.001
%N 0.54 + 0.09 2.90 + 0.10 17.75 7.99 >0.001
Soil N (kg/ha) 753.9 = 77.6 3546 *+ 817 3.40 4.07 0.026
Extractable soil NO;™-N (kg/ha) 8.05 = 1.05 77.35 = 16.08 4.28 4.02 0.013
Extractable soil NH;"-N (kg/ha) 1.95 + 0.44 9.74 + 0.73 9.11 6.59 >0.001
31N 11.53 + 0.56 3.81 = 0.26 —12.58 5.69 >0.001
%P (total) 0.05 + 0.02 0.22 + 0.03 521 7.45 0.001
Total soil P (kg/ha) 68.99 = 24.03 288.7 = 100.3 3.55 8.00 0.008

Notes: Shown are mean * SE. The ¢ values, df, and P value shown are for Welch’s ¢ tests for differences between upland and

lowland sites.
+ Dry bulk density after rocks >2 mm removed.

0.07% to 0.17% P. Nitrogen input through litterfall was
~24 times greater, P ~35 times greater, and C ~17
times greater at lowland plots over the year measured,
due to proportionally greater input of N- and P-rich
litter types and higher nutrient content of leaf litter at
lowland plots (Table 2; Fig. 4B-D).

Soil nutrient content

Lowland soils had greater organic content and
contained 4.7 times higher total N than did upland soils
(Table 4). Total extractable N (the sum of extractable
ammonium, nitrate, and nitrite) per hectare was 8.7
times higher at lowland plots than upland plots.
Lowland soils had over five times greater mass of C
per hectare and 5.5 times greater total P content. The
isotopic composition of soil C and N differed strongly
between upland and lowland soils. Mean soil 3'*C and
3'°N values were higher at the upland site by 4.2%o and
7.58%o, respectively (Table 4).

Soil N responses to rainfall

Net N mineralization showed greater temporal
variability in lowland soils over the spread of rainfall/
water additions tested, ranging from 0.18 * 0.06 (mean
+ SE) to—1.22 + 0.52 kg ha~' d™!, than in upland soils,
where daily N mineralization ranged from 0.057 = 0.05
to —0.191 =+ 0.05 kg ha~' d~". Patterns of mineralization
appeared to be influenced by rainfall, with immobiliza-
tion occurring during very dry periods in both upland
and lowland soils, mineralization in both sites following
light rains, and variable, generally net immobilization of
N over periods of heavy rainfall (Fig. 5A). Nitrogen
leached into resin bags at the base of the cores was
dependent on rainfall and around 10 times greater in
lowland soils for a given rainfall volume. Lowland soil
leaching losses ranged from 0.021 = 0.005 to 1.256 *
0.186 kg ha~' d~" and were linearly correlated to average

daily rainfall during the incubation period (r> = 0.94, P
< 0.001; Fig. 5B). Upland leaching losses ranged from
0.005 =+ 0.005 to 0.124 = 0.011 kgha'd™" and were
best represented by quadratic relationship to rainfall
during the incubation period (> =0.95, P < 0.001; Fig.
5B, O).

Discussion
Coupling of hydrological, C, and nutrient cycles

We hypothesized that P. pallida in lowland areas
would be able to access groundwater sources unavail-
able to upland trees and that this availability of
groundwater would release lowland stands from the
physiological effects of drought. Evidence for lowland
tree access to groundwater was strong; during periods of
low rainfall when 8'80 values of rainfall and ground-
water sources were well separated, we saw clear
differences between the 5'%0 values of stem water in
upland and lowland P. pallida. Lowland trees had stem
water 8'%0 values indicative of groundwater, while stem
water 8'%0 values for trees at upland plots followed the
3'80 values of light rainfall events from the 2011 dry
season through to the dry season of 2012. That lowland
trees could access groundwater was supported by greater
consistency in predawn water potential and F,/F,, in
lowland trees over the course of the study and greater
predawn and midday stem water potentials at the
lowland site, particularly during periods of low rainfall
(Fig. 2). In addition, upland trees showed responses to
water shortage in the form of higher 8'*C values, which
in arid system plants of the same species likely represent
a shift to greater integrated water-use efficiency (Ehler-
inger and Cooper 1988). Upland trees also showed a
tendency to produce smaller leaves without significantly
increasing leaf mass per unit area. Reduction in leaf size
is a well-established response to water stress in desert
plants, serving to reduce transpiration water loss and
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leaf temperature by sensible heat dissipation at the
expense of productivity (Chaves et al. 2003, Farooq et
al. 2009). Leaf mass per area often increases in response
to drought stress (Nilsen and Schlesinger 1981, Schulze
et al. 1998, Chaves et al. 2003, Poorter et al. 2009),
although this trend does not seem to apply for species of
the genus Prosopis (Nilsen et al. 1986, Vilela et al. 2003).

At a stand level, we saw markedly larger trees and
greater stem density at the lowland site where ground-
water was used as a water source during dry periods,
indicating that growth rates are very likely higher. This
pattern matches that of stands of phreatophytic species
in other arid and semiarid areas (e.g., Rundel et al. 1982,
Stromberg 1992, Stromberg et al. 1993, Gries et al.
2003), where productivity and stand biomass tend to
increase with decreasing depth to groundwater. Stand
density in arid zones where shallow groundwater is not
present tends to be driven by rainfall (Fensham et al.
2005, Pekin et al. 2009), and in this case, rainfall appears
to be insufficient to maintain upland stand densities to
the degree that groundwater availability does at the
lowland site.

Importantly, the distinct physiological advantages of
P. pallida trees with access to groundwater profoundly
influence ecosystem function via our two hypothesized
mechanisms: increased nutrient inputs to soils and
greater nutrient loss. Resorption of both N and P in
upland trees was more efficient than in lowland trees,
suggesting that nutrient acquisition was more limited
relative to requirements at upland plots (Reed et al.
2012). Lowland stands also produced proportionally
greater quantities of litter types rich in N and P and
relatively discretionary in terms of energy investment
(i.e., seeds, pods, and flowers). As a result, total litter
mass falling over the course of the year studied was 17
times greater the at lowland site, but lowland litterfall
contributed ~24 times the N and 35 times the P of the
upland site. Thus, groundwater access contributed to the
total mass of N and P deposited in the form of litter
through higher litter quantity and quality. The greater N
accretion in lowland soils and denser, larger stands of
trees in lowland plots suggest strong differences in
patterns of N-cycling between areas with and without
groundwater access. The processes that could contribute
to greater N accretion at the lowland site are an increase
in N acquisition by P. pallida at a stand level, either
through increases in fixation or N uptake from
groundwater, and reduced losses of N in lowland areas
via leaching or gaseous loss from soils. Comparison of
3'°N values of P. pallida with those of the ephemeral
shrub S. fallax suggest that P. pallida was obtaining a
portion of its N from symbiotic fixation. Only a single
reference plant was available for this comparison, and in
the absence of information on the mycorrhizal associ-
ations of these species, these data should be viewed with
some caution (Hogberg 1997, Spriggs et al. 2003).
Nevertheless N fixation is a common feature of Prosopis
species in other semiarid areas (Rundel et al. 1982, Bai et
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al. 2013), and comparable contributions of newly fixed
N to P. pallida foliar N at the two sites would result in
far greater contributions of newly fixed N to lowland
soils where productivity and litterfall are higher. While
our estimates of the proportion of foliar N derived from
fixation at upland and lowland sites overlapped during
the period the reference plant was present, the rates of
both fixation and nutrient uptake from soils tend to be
reduced in legumes experiencing water stress (DeVries et
al. 1989, Serraj et al. 1999, Zahran 1999, Abdelhamid et
al. 2011). Reduced fixation rates can be due to
reductions in the availability of photosynthetic products
that follow drought (Kuo and Boersma 1971, Nambiar
et al. 1983), reductions in O, availability for nodule
respiration (Denison 1998), and feedback regulation by
N compounds (Parsons et al. 1993); all three of these
processes are likely to be exacerbated by reductions in
leaf water potential, such as those seen at upland plots,
and hence phloem flow rates (Serraj et al. 1999).

Another important consequence for N-cycling differ-
ences between the two sites is that access to groundwater
provides lowland trees with a direct source of both N
and P. The contribution of these nutrient sources to the
requirements of arid system phreatophytes has been
suggested to be substantial in some arid zones; Arndt et
al. (2004) found greater than half the N contribution to
N-fixing phreatophytes with groundwater access in a
hyperarid desert was sourced from groundwater. In our
study, this source would appear to be less significant.
Groundwater beneath the study area contains these
nutrients at concentrations of ~50u mol/L dissolved
inorganic N and 2 p mol/L soluble reactive P (B. Dudley
et al., unpublished data), and at lowland stand-level
transpiration rates calculated by Y. Miyazawa et al.
(unpublished manuscript) could account for an uptake of
1.3kgha ' yr"and0.11 kg ha ' yr ! of groundwater N
and P, respectively. This N amount is virtually identical
to that calculated for groundwater N uptake by Prosopis
glandulosa stands in the Sonoran Desert (Rundel et al.
1982). These values could account for ~4.4% of the N
and 7% of the P deposited to lowland soils through
litterfall, and while not trivial, they do suggest that at
both upland and lowland sites the majority of these
nutrients are sourced from soils, or in the case of N,
either soils or symbiotic fixation. Whether increased N
availability to P. pallida in the lowland plots occurs via
fixation, soil N mineralization, or uptake of N from
groundwater, it is reasonable to expect that this
facilitated increased investment in P acquisition from
soils through the production of N-rich phosphatases and
increased root biomass (Allison et al. 2006, Houlton et
al. 2008). Diffusion of nutrients and extracellular
enzymes, and thus the uptake of soil-derived nutrients
by plants, is limited in very dry soils (Barber 1995, Stark
and Firestone 1995, Borken and Matzner 2009), and
these results suggest that in arid environments, ground-
water influences not only N-cycling, but P- and C-
cycling as well.
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In addition to the effects of groundwater on growth
and nutrient inputs into the ecosystem, mineralization
and losses of nutrient pools were influenced by pulsed
water availability through rainfall. Our prediction that
N mineralization in all areas would be positively
correlated with both the size of rainfall pulses and the
size of the soil organic N pools was based on low soil
C:N (946 and 11.0 for upland and lowland soils,
respectively) and the previous findings that N mineral-
ization in arid systems typically increases with rainfall
when the available substrate is N rich (Austin et al.
2004). Soil N mineralization at both sites was negative at
very low rainfall, likely due to immobilization of mineral
N by bacteria (Austin et al. 2004), and positive at both
upland and lowland sites for daily water additions to
cores between 0.45-1.6 mm/day for the upland site and
0.15-1.6 mm/d for the lowland site. With water
additions greater than 1.6 mm/d, net N mineralization
was consistently negative at the lowland site but showed
substantial variation between plots and showed no clear
pattern at the upland site. Much of the apparent net loss
in N from the lowland site with high water additions
could be accounted for by leaching, and leaching rates
were highly dependent on the amount of water entering
cores. Soil texture was similar between upland and
lowland sites, and differences in leaching rates at a given
water addition could largely be accounted for by nearly
nine times higher extractable inorganic N pools in
lowland soils. These leaching estimates may be conser-
vative; the capture of ions by the mixed-bed resins as
water passed out of the core was likely to be less than
complete. While not measured in this study, gaseous
losses of N from soils are also rainfall dependent in arid
systems and may contribute considerably to soil N losses
(Austin et al. 2004). Hence, the dependence of the major
avenues of N loss at both sites on rainfall, combined
with a decoupling of N additions acquired by P. pallida
from rainfall through groundwater access at the lowland
site, could explain differences in soil N accretion
between the two stands.

Two potential mechanisms may have contributed to
differences in 8'°N values between the upland and
lowland areas. Firstly, buildup of "’N-depleted N as the
product of fixation could have shifted soil N below a
>N-enriched starting point (prior to invasion) more
rapidly at the lowland site than at the upland site if N
fixation rates of the lowland site were higher at a stand
level (Rascher et al. 2012). Uptake of inorganic N from
groundwater also could have contributed to this effect.
Secondly, the proportion of N entering the soil-plant N
cycle eventually lost as '*N-depleted gas efflux from soils
may be higher at the upland than the lowland site. This
mechanism would not rely on a greater rate of gaseous
N loss from the upland site, but that these losses are
higher relative to additions. Losses of N through
leaching seem unlikely to account for the differences in
soil 8'°N values; fractionation during mineralization
and leaching losses of N from soils typically accounts for
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PLATE 1.

A view toward the upland site in January 2011, one month following a large rain event. The ground cover of Sida

fallax (‘llima) and Waltheria indica (‘Uhaloa) died off during subsequent dry weather to leave only the larger Prosopis pallida trees.

Photo credit: B. D. Dudley.

differences of 1-2%o between soil and leached N pools
(Houlton and Bai 2009). Losses of the 'N-depleted
gaseous products of denitrification and ammonification
reactions can cause considerable increases in soil 3'°N
values (Houlton et al. 2006, Houlton and Bai 2009), as
these processes discriminate against 'N substantially
(Bedard-Haughn et al. 2003) and can be responsible for
considerable losses of N from arid soils (Hartley and
Schlesinger 2000). The contribution of gaseous losses to
differences in the 3'°N values of the two soil pools is
supported by the lack of a N-enriched source of N to
the study area; bulk nitrate deposition in Hawai‘l was
measured by Houlton et al. (2006) as close to 0%o, and
concentrations of nitrate in rainfall at our study site are
very low, typically less than 1 pmol/L (J. Fackrell,
unpublished data). Biological fixation of N within the
soil-plant system imparts only small isotope fraction-
ation effects, enriching or depleting the ammonium
product less than 2%o from that of atmospheric N,
(Hogberg 1997). It is possible that the relative scarcity of
inorganic N in soils at the upland site may contribute to
reductions in leaching following rainfall through higher
plant and microbial uptake of mineral N (Hedin et al.
2003). This effect could enhance the effects of the
mechanism put forward by Houlton and Bai (2009) for
1> N-enrichment of soil N pools by shifting the major loss
of soil N further towards gaseous losses following rain

(Schlesinger and Peterjohn 1991, Peterjohn and Schle-
singer 1991).

Ecosystem-level consequences of invasion

Our results show that effects of P. pallida on nutrient
availability are altered by depth to groundwater; while
this species is able to persist without groundwater in this
system, stands with groundwater access exhibited
substantially higher soil N pools and leaching losses of
inorganic N. As such, these lowland invaded areas are
likely to contribute disproportionately to N loading via
groundwater discharge. Groundwater access also al-
lowed this nonnative, N-fixing species to form dense
canopies in the coastal lowlands, with up to five times
the basal area and considerably higher leaf area index
than was exhibited in upland stands (Y. Miyazawa et al.,
unpublished manuscript). Given these differences, it is
likely that long-term effects of this species on ecosystem
functioning and development will differ as a function of
access to groundwater and may extend to the plant
community level by altering species diversity, relative
abundances, and light availability as seen elsewhere in
Hawai‘i (Hughes and Denslow 2005).The effects of
groundwater depth on the ecosystem level effects of
invasive phreatophytes are not restricted to Hawai'i.
Increases in groundwater depth alter the community
composition of riparian communities in the arid
southwest of the USA (Stromberg et al. 1996),
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increasing susceptibility of these communities to inva-
sion by Tamarix spp., a genus of phreatophyte native to
Eurasia (Horton et al. 2001, Lite and Stromberg 2005).
Where Tamarix spp. are present in these systems,
groundwater depth alters their impacts to hydrology
and soil chemistry (Di Tomaso 1998). Thus, alterations
to groundwater levels have the potential to affect arid
ecosystem structure and function well beyond their
direct effects on water availability.

Our results also highlight that the consequences of the
invasion of N-fixing trees on young lava flows are highly
dependent on climate. Most of the examples of N-fixing
invaders in Hawai‘i occur in wet forests, where
substantial change to the relative availability of resourc-
es for primary producers has been documented, resulting
in changes in ecosystem development (Vitousek et al.
1997) and positive feedbacks that lead to increased rates
of invasion by other nonnative species (Hughes and
Denslow 2005). Changes caused by these N-fixing trees
are so marked because N is the resource least available
relative to the demands of primary producers in these
systems (Vitousek and Farrington 1997). In contrast, in
Hawaiian dry forests where lack of rainfall seasonally
limits primary production, the magnitude and nature of
the ecosystem-level impacts of P. pallida as an N-fixing
invader are mediated by water availability, both via
groundwater supply and rainfall. For example, although
a substantial amount of N accumulates in the ecosystem
in litter or mineral soil, mineralization rates to and
leaching losses of reactive N from these soils were
dependent on the magnitude of rainfall events. Soils
showed a high potential for N loss during heavy rain
events, but these events are infrequent in comparison to
wet forest ecosystems. Hence, the effects of invasion by
P. pallida may be altered by changes to groundwater
levels, but also by climate change that results in changes
to the timing or intensity of rainfall.

CONCLUSION

Viewed with a global context, our results indicate that
current patterns in groundwater drawdown across arid
regions will likely increase the susceptibility of this
phreatophytic desert species to physiological stress
associated with seasonal drought. Prosopis is the
dominant genus of vegetation through millions of
square kilometers of the world’s arid and semiarid
regions (Rundel et al. 1982, Pasiecznik et al. 2001), and
drought events in many of these regions are predicted to
worsen as a result of climate change. There is
considerable evidence to suggest that the physiological
effects of regional reductions in groundwater levels
currently extend to phreatophyte species in other arid
systems (Stromberg et al. 1993, 1996, Smith et al. 1998,
Cooper et al. 2006); interactions between groundwater
levels and climate change are likely to be important in
structuring plant communities in arid regions. Our
results also show that access to groundwater for N-
fixing phreatophytes in arid regions disconnects produc-
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tivity of these trees from the pulse-driven nature of these
systems (Noy-Meir 1973), i.e., productivity and nutrient
additions to soils are decoupled from surface soil
moisture, on which processes of organic matter break-
down, mineralization, and uptake and loss of nutrients
from arid soils rely (Austin et al. 2004). Hence, regional
reductions in groundwater levels may reduce N accre-
tion in arid soils, but may also reduce soil accretion of
other nutrients, as evidenced by the reduced buildup of
C and P at the upland site in our study. Prosopis pallida
is an extremely successful invader in much of its range,
and our study provides an example of how changes to
hydrological cycles may not only alter the geographical
ranges of invasive species, but mediate impacts to
nutrient cycling and resource availability within invaded
areas.

ACKNOWLEDGMENTS

This research was made possible by funding from NSF
Hawai'i Experimental Program to Stimulate Competitive
Research (EPSCoR) Grant Number EPS-0903833, NSF REU
1005186 for student funds, and in-kind support from the USDA
Forest Service Pacific Southwest Research Station. We thank
the community of Kiholo, particularly the MacDonald family
and Jenny Mitchell for their support for this research. Hawai'i
Department of Land and Natural Resources staff provided
access to the Hawai'i Experimental Tropical Forest and
investigations into historical Prosopis pallida plantings in the
area. The Pacific Internship Program for Exploring Science
helped with coordination of student interns. Lucas Mead and T.
Holitzki at the EPSCoR laboratory at the University of Hawai'i
at Hilo, as well as B. Erkkila and A. Howell-Dinger at the
Stable Isotope Ratio Facility for Environmental Research
(SIRFER) laboratory of the University of Utah provided
sample analysis work. Josh VanDeMark, N. Wilhoite, J.
Schulten, E. Parsons, M. Murphy, T. Gene, K. Matsuoka, J.
Yeh, T. Sakihara, K. Kaula-Nelson, M. Riney, S. Kettwich,
and T. Barcelona assisted us greatly in the field. Susan Cordell,
J. Baldwin, L. Young, R. MacKenzie, T. Giambelluca, Y.
Miyazawa, and M. Nullet provided technical assistance.
Comments from two anonymous reviewers greatly improved
the quality of the manuscript.

LITERATURE CITED

Abdelhamid, M. T., J. A. Palta, E. J. Veneklaas, C. Atkins,
N. C. Turner, and K. H. M. Siddique. 2011. Drying the
surface soil reduces the nitrogen content of faba bean (Vicia
faba L.) through a reduction in nitrogen fixation. Plant and
Soil 339:351-362.

Adams, H. D., M. Guardiola-Claramonte, G. A. Barron-
Gafford, J. C. Villegas, D. D. Breshears, C. B. Zou, P. A.
Troch, and T. E. Huxman. 2009. Temperature sensitivity of
drought-induced tree mortality portends increased regional
die-off under global change-type drought. Proceedings of the
National Academy of Sciences USA 106:7063—7066.

Adams, M. A., J. Simon, and S. Pfautsch. 2010. Woody
legumes: a (re)view from the South. Tree Physiology
30:1072-1082.

Agam, N., and P. R. Berliner. 2004. Diurnal water content
changes in the bare soil of a coastal desert. Journal of
Hydrometeorology 5:922-933.

Allison, S. D., C. Nielsen, and R. F. Hughes. 2006. Elevated
enzyme activities in soils under the invasive nitrogen-fixing
tree Falcataria moluccana. Soil Biology and Biochemistry
38:1537-1544.

Arndt, S. K., A. Kahmen, C. Arampatsis, M. Popp, and M.
Adams. 2004. Nitrogen fixation and metabolism by ground-



December 2014

water-dependent perennial plants in a hyperarid desert.
Oecologia 141:385-394.

Austin, A. T., and P. M. Vitousek. 1998. Nutrient dynamics on
a rainfall gradient in Hawai‘l. Oecologia 113:519-529.

Austin, A. T., and P. M. Vitousek. 2000. Precipitation,
decomposition and litter decomposability of Metrosideros
polymorpha in native forests on Hawai'‘i. Journal of Ecology
88:129-138.

Austin, A. T., M. L. Yahdjian, J. M. Stark, J. Belnap, A.
Porporato, 1. C. Burke, U. Choromanska D. Ravetta, and
S. M. Schaeffer. 2004. Water pulses and biogeochemical
cycles in arid and semiarid ecosystems. Oecologia 141:221—
235.

Bai, E., T. W. Boutton, F. Liu, X. B. Wu, and S. R. Archer.
2013. SN isoscapes in a subtropical savanna parkland:
spatial-temporal perspectives. Ecosphere 4:1art4.

Barber, S. A. 1995. Soil nutrient bioavailability: a mechanistic
approach. Wiley, New York, New York, USA.

Bedard-Haughn, A., J. W. van Groenigen, and C. van Kessel.
2003. Tracing '°N through landscapes: potential uses and
precautions. Journal of Hydrology 272:175.

Belnap, J. 2002. Nitrogen fixation in biological soil crusts from
southeast Utah, USA. Biology and Fertility of Soils 35:128—
135.

Belnap, J. 2003. Factors influencing nitrogen fixation and
nitrogen release in biological soil crusts. Pages 241-261 in J.
Belnap and O. L. Lange, editors. Biological soil crusts:
structure, function, and management. Springer-Verlag, Ber-
lin, Germany.

Borken W., and E. Matzner. 2009. A reappraisal of drying and
wetting effects on C and N mineralization and fluxes in soils.
Global Change Biology 15:808-824.

Breshears, D. D., et al. 2005. Regional vegetation die-off in
response to global change-type drought. Proceedings of the
National Academy of Sciences USA 102:15144—-15148.

Burke, E. J., S. J. Brown, and N. Christidis. 2006. Modelling
the recent evolution of global drought and projections for the
twenty-first century with the Hadley Centre climate model.
Journal of Hydrometeorology 7:1113-1125.

Burke, I., K. Lauenroth, and W. Parton. 1997. Regional and
temporal variation in net primary production and nitrogen
mineralization in grasslands. Ecology 78:1330—1340.

Chaves, M. M., J. P. Maroco, and J. S. Pereira. 2003.
Understanding plant responses to drought—from genes to
the whole plant. Functional Plant Biology 30:239-264.

Cleveland, C. C., et al. 1999. Global patterns of terrestrial
biological nitrogen (N,) fixation in natural ecosystems.
Global Biogeochemical Cycles 13:623-645.

Cooper, D. J., J. S. Sanderson, D. I. Stannard, and D. P.
Groeneveld. 2006. Effects of long-term water table draw-
down on evapotranspiration and vegetation in an arid region
phreatophyte community. Journal of Hydrology 325:21-34.

CSIRO. 2001. Climate change: projections for Australia.
Commonwealth Scientific and Industrial Research Organisa-
tion (CSIRO) Climate Impact Group, Aspendale, Victoria,
Australia.

Cuddihy, L. W., and C. P. Stone. 1990. Alteration of native
Hawaiian vegetation: effects of humans, their activities and
Introductions. University of Hawai‘i Cooperative National
Park Resources Study Unit, Honolulu, Hawai'‘i, USA.

Currell, M. J., D. M. Han, Z. Y. Chen, and I. Cartwright. 2012.
Sustainability of groundwater usage in northern China:
dependence on palacowaters and effects on water quality,
quantity and ecosystem health. Hydrological Processes
26:4050—4066.

D’Antonio, C. M., and P. M. Vitousek. 1992. Biological
invasions by exotic grasses, the grass/fire cycle, and global
change. Annual Review of Ecology and Systematics 23:63-87.

Denison, R. F. 1998. Decreased oxygen permeability: a
universal stress response in legume root nodules. Botanica
Acta 111:191-192.

GROUNDWATER MEDIATES INVASION IMPACTS

1969

DeVries, J. D., J. M. Bennett, S. L. Albrecht, and K. J. Boote.
1989. Water relations, nitrogenase activity and root devel-
opment of three grain legumes in response to soil water
deficits. Field Crops Research 21:215-226.

DiStefano, J. F., and J. L. Gholz. 1986. A proposed use of ion
exchange resin to measure nitrogen mineralization and
nitrification in intact soil cores. Communications in Soil
Science and Plant Analysis 17:989-998.

Di Tomaso, J. M. 1998. Impact, biology, and ecology of
saltcedar (Tamarix spp.) in the southwestern United States.
Weed Technology 12:326-336.

Dregne, H. E. 1991. Global status of desertification. Annals of
Arid Zone 30:179-185.

Durack, P. J., S. E. Wijffels, and R. J. Matear. 2012. Ocean
salinities reveal strong global water cycle intensification
during 1950 to 2000. Science 336:455-458.

Ehleringer, J. R., and T. A. Cooper. 1988. Correlations between
carbon isotope ratio and microhabitat in desert plants.
Oecologia 76:562—-566.

Farooq, M., A. Wahid, N. Kobayashi, D. Fujita, and S. M. A.
Basra. 2009. Plant drought stress: effects, mechanisms and
management. Agronomy for Sustainable Development
29:185-212.

Fensham, R. J., R. J. Fairfax, and S. R. Archer. 2005. Rainfall,
land use and woody vegetation cover change in semiarid
Australian savanna. Journal of Ecology 93:596—606.

Fisher, F. M., J. C. Zak, G. L. Cunningham, and W. G.
Whitford. 1988. Water and nitrogen effects on growth and
allocation patterns of creosote bush in the northern
Chihuahuan desert. Journal of Range Management 41:387—
391.

Gallaher, T., and M. Merlin. 2010. Biology and impacts of
Pacific Island invasive species. 6. Prosopis pallida and
Prosopis juliflora (Algarroba, Mesquite, P. pallida) (Faba-
ceae). Pacific Science 64:489-526.

Gat, J. R. 1996. Oxygen and hydrogen isotopes in the
hydrologic cycle. Annual Review of Earth and Planetary
Sciences 24:225-262.

Gee, G. W., and J. W. Bauder. 1979. Particle size analysis by
hydrometer: a simplified method for routine textural analysis
and a sensitivity test of measured parameters. Soil Science
Society of America Journal 43:1004-1007.

Giambelluca, T. W., Q. Chen, A. G. Frazier, J. P. Price, Y.-L.
Chen, P.-S. Chu, J. K. Eischeid, and D. M. Delparte. 2013.
Online Rainfall Atlas of Hawaii. Bulletin of the American
Meteorological Society 94:313-316.

Gries, D., F. Zeng, A. Foetzki, S. K. Arndt, H. Bruelheide,
F. M. Thomas, X. Zhang, and M. Runge. 2003. Growth and
water relations of Tamarix ramosissima and Populus euphra-
tica on Taklamakan desert dunes in relation to depth to a
permanent water table. Plant Cell and Environment 26:725—
736.

Hartley, A. E., and W. H. Schlesinger. 2000. Environmental
controls on nitric oxide emission from northern Chihuahuan
desert soils. Biogeochemistry 50:279-300.

Hedin, L. O., P. M. Vitousek, and P. A. Matson. 2003. Nutrient
losses over four million years of tropical forest development.
Ecology 84:2231-2255.

Hogberg, P. 1997. Tansley Review No. 95. §'°N natural
abundance in soil-plant systems. New Phytologist 137:179—
203.

Horton, J. L., T. E. Kolb, and S. C. Hart. 2001. Physiological
response to groundwater depth varies among species and
with river flow regulation. Ecological Applications 11:1046—
1059.

Houlton, B. Z., and E. Bai. 2009. Imprint of denitrifying
bacteria on the global terrestrial biosphere. Proceedings of
the National Academy of Sciences USA 106:21713-21716.

Houlton, B. Z., D. M. Sigman, and L. O. Hedin. 2006. Isotopic
evidence for large gaseous nitrogen losses from tropical



1970

rainforests. Proceedings of the National Academy of Sciences
USA 103:8745-8750.

Houlton, B. Z., Y.-P. Wang, P. M. Vitousek, and C. B. Field.
2008. A unifying framework for dinitrogen fixation in the
terrestrial biosphere. Nature 454:327-330.

Hughes, R. F., and J. S. Denslow. 2005. Invasion by a N,-fixing
tree alters function and structure in wet lowland forest of
Hawaii. Ecological Applications 15:1615-1628.

Huntington, T. G. 2006. Evidence for intensification of the
global water cycle: review and synthesis. Journal of
Hydrology 319:83-95.

Jackson, A. L., R. Inger, S. Bearhop, and A. Parnell. 2009.
Erroneous behaviour of MixSIR, a recently published
Bayesian isotope mixing model: a discussion of Moore &
Semmens (2008). Ecology Letters 12:E1-ES.

Johnson, A. G., C. R. Glenn, W. C. Burnett, R. N. Peterson,
and P. G. Lucey. 2008. Aecrial infrared imaging reveals large
nutrient-rich groundwater inputs to the ocean. Geophysical
Research Letters 35:L15606.

Johnson, H. B., and H. S. Mayeux. 1990. Prosopis glandulosa
and the nitrogen balance of rangelands: extent and occur-
rence of nodulation. Oecologia 84:176—185.

Johnson, S. L., S. Neuer, and F. Garcia-Pichel. 2007. Export of
nitrogenous compounds due to incomplete cycling within
biological soil crusts of arid lands. Environmental Microbi-
ology 9:680—-689.

Koohafkan, P., and B. A. Stewart. 2008. Water and Cereals in
Drylands. Food and Agriculture Organization of the United
Nations, Rome, Italy.

Kuo, T., and L. Boersma. 1971. Soil water suction and root
temperature effects on nitrogen fixation in soybeans.
Agronomy Journal 63:901-904.

Lite, S. J., and J. C. Stromberg. 2005. Surface water and
ground-water thresholds for maintaining Populus—Salix
forests, San Pedro River, Arizona. Biological Conservation
125:153-167.

Maly, K., and O. Maly. 2011. He mo‘olelo ‘aina no napu‘u—
traditions of Pu‘u wa‘awa‘'a & Pu‘u Anahulu lands of Kiholo
state wilderness park district of Kona, island of Hawai‘i. An
ethnography of Kiholo at Napu‘u prepared as part of a
cultural impact assessment consultation study for the Kiholo
State Wilderness Park master plan and EIS. Kumu Pono
Associates LLC, Honolulu, HI, USA.

Maxwell, K., and G. N. Johnson. 2000. Chlorophyll fluores-
cence—a practical guide. Journal of Experimental Botany
51:659-668.

McMahon, P. B., L. N. Plummer, J. K. Bohlke, S. D. Shapiro,
and S. R. Hinkle. 2011. A comparison of recharge rates in
aquifers of the United States based on groundwater-age data.
Hydrogeology Journal 19:779-800.

Moore, J. W., and B. X. Semmens. 2008. Incorporating
uncertainty and prior information into stable isotope mixing
models. Ecology Letters 11:470—480.

Mummey, D. L., J. L. Smith, and H. Bolton. 1994. Nitrous
oxide flux from a shrub-steppe ecosystem: sources and
regulation. Soil Biology and Biochemistry 26:279-286.

Munson, S. M., R. H. Webb, J. Belnap, J. A. Hubbard, D. E.
Swann, and S. Rutman. 2012. Forecasting climate change
impacts to plant community composition in the Sonoran
Desert region. Global Change Biology 18:1083-1095.

Nambiar, P. T. C., M. R. Rao, M. S. Reddy, C. N. Floyd, P. J.
Dart, and R. W. Willey. 1983. Effect of intercropping on
nodulation and N,-fixation by groundnut. Experimental
Agriculture 19:79-86.

Nilsen, E. T., and W. H. Schlesinger. 1981. Phenology,
productivity, and nutrient accumulation in the post-fire
chaparral shrub Lotus scoparius. Oecologia 50:217-224.

Nilsen, E. T., M. R. Sharifi, P. W. Rundel, and R. A. Virginia.
1986. Influences of microclimatic conditions and water
relations on seasonal leaf dimorphism of Prosopis glandulosa

BRUCE D. DUDLEY ET AL.

Ecological Applications
Vol. 24, No. 8

var. torreyana in the Sonoran Desert, California. Oecologia
69:95-100.

Noy-Meir, I. 1973. Desert ecosystems: environment and
producers. Annual Review of Ecology and Systematics
4:25-51.

Oki, T., and S. Kanae. 2006. Global hydrological cycles and
world water resources. Science 313:1068-1072.

Parry, M. L., O. F. Canziani, J. P. Palutikof, P. J. van der
Linden, and C. E. Hanson, editors. 2007. Contribution of
Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK.

Parsons, R., A. Stanforth, J. A. Raven, and J. A. Sprent. 1993.
Nodule growth and activity may be regulated by a feedback
mechanism involving phloem nitrogen. Plant Cell and
Environment 16:125-136.

Pasiecznik, N. M., P. Felker, P. J. C. Harris, L. N. Harsh, G.
Cruz, J. C. Tewari, K. Cadoret, and L. J. Maldonado. 2001.
The Prosopis juliflora—Prosopis pallida complex: a mono-
graph. HDRA, Coventry, UK.

Pekin, B. K., M. M. Boer, C. Macfarlane, and P. F. Grierson.
2009. Impacts of increased fire frequency and aridity on
eucalypt forest structure, biomass and composition in
southwest Australia. Forest Ecology and Management
258:2136-2142.

Perakis, S. S., and L. O. Hedin. 2002. Nitrogen loss from
unpolluted South American forests mainly via dissolved
organic compounds. Nature 415:416—419.

Peterjohn, W. T., and W. H. Schlesinger. 1991. Factors
controlling denitrification in a chihuahuan desert ecosystem.
Soil Science Society of America Journal 55:1694—-1701.

Peterson, R. N., W. C. Burnett, C. R. Glenn, and A. G.
Johnson. 2009. Quantification of point-source groundwater
discharges to the ocean from the shoreline of the Big Island,
Hawaii. Limnology and Oceanography 54:890-904.

Poorter, H., U. Niinemets, L. Poorter, I. J. Wright, and R.
Villar. 2009. Causes and consequences of variation in leaf
mass per area (LMA): a meta-analysis. New Phytologist
182:565-588.

Postel, S. 1993. Water and agriculture. Pages 56—66 in P. H.
Gleick, editor. Water in crisis: a guide to the world’s fresh
water resources. Oxford University Press, Oxford, UK.

R Development Core Team. 2011. R: A language and
environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,
URL http://www.Rproject.org/

Rascher, K. G., C. Hellmann, C. Maguas, and C. Werner.
2012. Community scale >N isoscapes: tracing the spatial
impact of an exotic N,-fixing invader. Ecology Letters
15:484—491.

Reed, S. C., A. R. Townsend, E. A. Davidson, and C. C.
Cleveland. 2012. Stoichiometric patterns in foliar nutrient
resorption across multiple scales. New Phytologist 196:173-180.

Resco, V., D. D. Ignace, W. Sun, T. E. Huxman, J. F. Weltzin,
and D. G. Williams. 2008. Chlorophyll fluorescence, predawn
water potential and photosynthesis in precipitation pulse-
driven ecosystems—implications for ecological studies.
Functional Ecology 22:479—483.

Richardson, D. M., J. Carruthers, C. Hui, F. A. C. Impson, B.
Maslin, M. P. Robertson, M. Rouget, J. J. Le Roux, and
J. R. U. Wilson. 2011. Human-mediated introductions of
Australian acacias—a global experiment in biogeography.
Diversity and Distributions 17:771-787.

Rodell, M., I. Velicogna, and J. S. Famiglietti. 2009. Satellite-
based estimates of groundwater depletion in India. Nature
460:999-1002.

Rundel, P., E. Nilsen, and M. Sharifi. 1982. Seasonal dynamics
of nitrogen cycling for a Prosopis woodland in the Sonoran
Desert. Plant and Soil 67:343-353.

SAS Institute. 2009. SAS version 9.2. SAS Institute, Cary,
North Carolina, USA.


http:http://www.Rproject.org

December 2014

Scanlon, B. R., K. E. Keese, A. L. Flint, L. E. Flint, C. B.
Gaye, W. M. Edmunds, and I. Simmers. 2006. Global
synthesis of groundwater recharge in semiarid and arid
regions. Hydrological Processes 20:3335-3370.

Schimel, D. S., and W. J. Parton. 1986. Microclimatic controls
of nitrogen mineralization and nitrification in shortgrass
steppe soils. Plant and Soil 93:347-357.

Schlesinger, W. H., and W. T. Peterjohn. 1991. Processes
controlling ammonia volatilization from Chihuahuan Desert
soils. Soil Biology and Biochemistry 23:637-642.

Schulze, E.-D., R. J. Williams, G. D. Farquhar, W. Schulze, J.
Langridge, J. M. Miller, and B. H. Walker. 1998. Carbon and
nitrogen isotope discrimination and nitrogen nutrition of
trees along a rainfall gradient in northern Australia.
Australian Journal of Plant Physiology 25:413-425.

Seitzinger, S., J. A. Harrison, J. K. Bohlke, A. F. Bouwman, R.
Lowrance, B. Peterson, C. Tobias, and G. Van Drecht. 2006.
Denitrification across landscapes and waterscapes: a synthe-
sis. Ecological Applications 16:2064-2090.

Serraj, R., T. R. Sinclair, and L. C. Purcell. 1999. Symbiotic N,
fixation response to drought. Journal of Experimental
Botany 331:143-155.

Shah, T., A. D. Roy, A. S. Qureshi, and J. Wang. 2003.
Sustaining Asia’s groundwater boom: An overview of issues
and evidence. Natural Resources Forum 27:130-141.

Shearer, G., and D. H. Kohl. 1986. N,-fixation in field settings:
estimations based on natural N abundance. Australian
Journal of Plant Physiology 13:699-756.

Singh, J. S., A. S. Raghubanshi, R. S. Singh, and S. C.
Srivastava. 1989. Microbial biomass acts as a source of plant
nutrients in dry tropical forest and savanna. Nature 338:499—
500.

Smith, S. D., D. A. Devitt, A. Sala, J. R. Cleverly, and D. E.
Busch. 1998. Water relations of riparian plants from warm
desert regions. Wetlands 18:687-696.

Soil Survey Staff. 1999. Soil taxonomy: A basic system of soil
classification for making and interpreting soil surveys.
Second ed. USDA Handbook No. 436. USDA-NRCS.
GPO, Washington, D.C., USA.

Spriggs, A. C., W. D. Stock, and F. D. Dakora. 2003. Influence
of mycorrhizal associations on foliar 8'°N values of legume
and non-legume shrubs and trees in the fynbos of South
Africa: Implications for estimating N, fixation using the '*N
natural abundance method. Plant and Soil 255:495-502.

Stark, J. M., and M. K. Firestone. 1995. Mechanisms for soil
moisture effects on activity of nitrifying bacteria. Applied
and Environmental Microbiology 61:218-221.

Stromberg, J. C., R. Tiller, and B. Richter. 1996. Effects of
groundwater decline on riparian vegetation of semiarid
regions: The San Pedro, Arizona. Ecological Applications
6:113-131.

GROUNDWATER MEDIATES INVASION IMPACTS

1971

Stromberg, J. C., J. A. Tress, S. D. Wilkins, and S. D. Clark.
1992. Response of velvet mesquite to groundwater decline.
Journal of Arid Environments 23:45-58.

Stromberg, J. C., S. D. Wilkins, and J. A. Tress. 1993.
Vegetation-hydrology models as management tools for velvet
mesquite (Prosopis velutina) riparian ecosystems. Ecological
Applications 3:307-314.

Vilela, A. E., M. J. Rennella, and D. A. Ravetta. 2003.
Responses of tree-type and shrub-type Prosopis (Mimosa-
ceae) taxa to water and nitrogen availabilities. Forest
Ecology and Management 186:327-337.

Vitousek, P. M. 1995. The Hawaiian Islands as a model system
for ecosystem studies. Pacific Science 49:2-16.

Vitousek, P. M., and H. Farrington. 1997. Nutrient limitation
and soil development: experimental test of a biogeochemical
theory. Biogeochemistry 37:63-75.

Vitousek, P. M., H. A. Mooney, J. Lubchenco, and J. M.
Melillo. 1997. Human domination of earth’s ecosystems.
Science 277:494-499.

Vitousek, P. M., L. R. Walker, L. D. Whiteaker, D. Mueller-
Dombois, and P. A. Matson. 1987. Biological invasion by
Mpyrica faya alters ecosystem development in Hawaii. Science
238:802-804.

Wagner, W. L., D. R. Herbst, and S. H. Sohmer. 1999. Manual
of the flowering plants of Hawaii. University of Hawai'i
Press, Honolulu, Hawaii, USA.

Walvoord, M. A., F. M. Phillips, D. A. Stonestrom, R. D.
Evans, P. C. Hartsough, B. D. Newman, and R. G. Striegl.
2003. A reservoir of nitrate beneath desert soils. Science
302:1021-1024.

Wen, X.-F., X. Lee, X.-M. Sun, J.-L. Wang, Z.-M. Hu, S.-G.
Li, and G.-R. Yu. 2012. Dew water isotopic ratios and their
relationships to ecosystem water pools and fluxes in a
cropland and a grassland in China. Oecologia 168:549-561.

West, A. G., S. J. Patrickson, and J. R. Ehleringer. 2006. Water
extraction times for plant and soil materials used in stable
isotope analysis. Rapid Communications in Mass Spectrom-
etry 20:1317-1321.

Wolfe, E. W., and J. Morris. 1996. Geologic map of the Island
of Hawai‘i. USGS MAPI-2524-A. U.S. Geological Survey,
Virginia, USA.

Yahdjian, L., O. Sala, and A. T. Austin. 2006. Differential
controls of water input on litter decomposition and nitrogen
dynamics in the Patagonian steppe. Ecosystems 9:128—141.

Yang, H., X. Zhang, and A. J. B. Zehnder. 2003. Water
scarcity, pricing mechanism and institutional reform in
northern China irrigated agriculture. Agricultural Water
Management 61:143-161.

Zahran, H. H. 1999. Rhizobium-legume symbiosis and
nitrogen fixation under severe conditions and in an arid
climate. Microbiology and Molecular Biology Reviews
63:968-989.

SUPPLEMENTAL MATERIAL

Ecological Archives
The Appendix is available online: http://dx.doi.org/10.1890/13-1262.1.sm


http://dx.doi.org/10.1890/13-1262.1.sm


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00083
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




