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Abstract Non-native ungulates (sheep, goats, and 

pigs) have significant negative impacts on ecosystem 

biodiversity, structure, and biogeochemical func­

tion throughout the Pacific Islands. Elevated nitrogen 

(N) availability associated with ungulate disturbance 

has been shown to promote the success of resource-

exploitive invasive plants. While ungulate removal 

Responsible Editor: Karsten Kalbitz. 

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10533- 024- 01120-8. 

F. M. Soper 
Department of Biology and Bieler School of Environment, 
McGill University, Montreal, QC H3A 1B1, Canada 

K. S. Sparks · J. P. Sparks (*) 
Department of Ecology and Evolutionary Biology, Cornell 
University, Ithaca, NY 14850, USA 
e-mail: jps66@cornell.edu 

R. J. Cole · C. M. Litton 
Department of Natural Resources and Environmental 
Management, University of Hawai’i at Mānoa, Honolulu, 
HI, USA 

R. J. Cole 
Department of Environmental Systems Science, ETH 
Zürich, 8001 Zurich, Switzerland 

C. P. Giardina 
Institute of Pacific Islands Forestry, Pacific Southwest 
Research Station, USDA Forest Service, Hilo, HI 96720, 
USA 

is a common restoration intervention, evaluations of 

its efficacy typically focus on vegetation responses, 

rather than underlying nutrient cycling. We used 

multiple chronosequences of ungulate exclusion 

(10–24 years duration) in three Hawaiian ecosystems 

(montane wet forest, dry forest, and dry shrubland) to 

determine N cycle recovery by characterizing gross 

mineralization and nitrification, soil inorganic N con­

centrations and leaching,  N2O emissions, and plant 

tissue δ15N. Ungulate removal led to a 1–2 ‰ decline 

in foliar δ15N in most species, consistent with a long­

term decrease in N fractionation via ecosystem N 

losses, or a shift in the relative turnover of N forms. 

This interpretation was supported by significant (dry 

forest) or trending (wet forest) increases in miner­

alization and decreases in nitrification, but conflicts 

with lack of observed change in inorganic N pool 

sizes or gaseous losses, and increased leaching in the 

dry forest. While results could indicate that ungulate 

invasions do not strongly impact N cycling in the first 

place (no uninvaded control sites exist in Hawai’i 

to test this hypothesis), this would be inconsistent 

with observations from other sites globally. Instead, 

impacts may be spatially patchy across the landscape, 

or ungulate invasions (possibly in combination with 

other disturbances) may have permanently shifted 

biogeochemical function or decoupled elemental 

cycles. We conclude that eliminating ungulate distur­

bance alone may not achieve restoration goals related 

to N cycling within the timeframe examined here. 
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Introduction 

The extent and timing of biogeochemical change fol­

lowing anthropogenic disturbance is increasingly rec­

ognized as an essential consideration for designing 

interventions for ecosystem recovery (McLauchlan 

et al. 2007; Sullivan et al. 2019; Wong et al. 2019). In 

many ecosystems, non-native ungulates cause exten­

sive disturbance and disrupt structure, biodiversity, 

and biogeochemical function (Mack and D’Antonio 

1998; Campbell and Long 2009; Spear and Chown 

2009; Nogueira-Filho et al. 2009; Wardle and Peltzer 

2017). There is evidence that ungulate impacts on soil 

structure and vegetation composition can lead to sub­

stantially increased rates of biogeochemical cycling, 

especially of nitrogen (N; Siemann et al. 2009; Long 

et al. 2017), with the bulk of such observations com­

ing from temperate ecosystems (Cushman et al. 2004; 

Cuevas et al. 2012; Wirthner et al. 2012; Bueno et al. 

2013). Ungulate impacts may be particularly signifi­

cant for ecosystems that are characterized by gener­

ally low pre-invasion nutrient availability, and where 

elevated N availability may promote further ecosys­

tem degradation by favoring the success of resource-

intensive non-native plant species that outcompete 

resource-conservative native plant communities 

(Ostertag and Verville 2002; Daehler 2003; Funk 

2008; Knauf et al. 2021). Attempts to restore ecosys­

tem function via ungulate removal must, therefore, 

critically assess the degree of recovery of biogeo­

chemical functioning. 

Across the Hawaiian archipelago, non-native 

ungulate disturbance is widespread; wetter ecosys­

tems are heavily colonized by feral pigs, and drier 

ecosystems by pigs as well as feral sheep and goats 

(Chynoweth et al. 2013; Wehr et al. 2018). Though 

non-native ungulates are destructive across a wide 

variety of ecosystems globally (Wardle and Pelt­

zer 2017), effects may be especially pronounced 

because these remote islands evolved in the absence 

of any native ungulates (Hess 2016). Changes to 

vegetation and soil physical and chemical proper­

ties with invasion have probable– though not well-

characterized– implications for the cycling, storage, 

and stoichiometry of carbon (C) and nutrients. Feral 

pigs have been shown to reduce vegetation biomass 

and regeneration (through herbivory and trampling), 

fragment litter and mix soils during rooting and for­

aging activities, compact soil and reduce infiltration, 

create intensely disturbed patches such as wallows, 

and create nutrient-enriched patches through urine 

and feces (Barrios-Garcia and Ballari 2012; Murphy 

et al. 2013; Long et al. 2017; Fortini et al. 2020). In 

areas of Hawaiian wet forest with greater evidence of 

pig activity (i.e., digs and wallows), soils were wetter 

and had greater bulk density, a lower C:N ratio, lower 

labile C, and higher soil pH, as well as a greater con­

centration of ammonium (NH +
4 ) than less-affected 

areas (Long et al.   2017). Feral sheep and goats defo­

liate and trample vegetation, as well as increase soil 

erosion as a result of compaction, reduced vegeta­

tion cover, and reduced water infiltration (Chynoweth  

et   al. 2013; Ortíz-Alcaraz et al.   2016; Hess et al.  

2017; Gizicki et al.   2017). Reduced vegetation cover 

may lower vegetative nutrient demand (sink strength) 

and inputs of organic matter as litter, with inputs that 

do occur decomposing more quickly as a result of 

increased fragmentation (Singer et al.   1984). Com­

paction and changes to soil moisture may also affect 

soil redox conditions, with expected effects on micro­

bial-mediated nutrient cycling processes (Wehr et al.  

2019). In Hawaiʻi, pig activity is associated with 

reduced bacterial microbial diversity (Wehr et al.  

2019) and changes in the abundance and diversity of 

soil macroinvertebrates such as invasive earthworms. 

In addition to direct effects, ungulates may have syn­

ergistic impacts with invasive non-native plant spe­

cies; ungulates create microsite disturbances that 

facilitate invasion, and also act as propagule vectors 

(Nogueira-Filho et al.   2009; Cole and Litton 2013). 

As well as benefiting from increased nutrient avail­

ability to facilitate establishment, non-native plant 

species may further impact biogeochemistry through 

their distinct (often more nutrient-rich) tissue stoi­

chiometry and faster decomposition rates (Mack and 

D’Antonio 2003; Allison and Vitousek 2004; Penue­

las et al.   2009). At the broader scale, disturbances 

that result in elevated ecosystem N availability may 

drive increased ‘leakiness’, accelerating ecosystem N 

losses to freshwaters and as greenhouse gases such as 

nitrous oxide  (N2O; Vitousek et al. 1979). 

Removal and exclusion of ungulates via fencing is 

a common management practice aimed at conserving 

native species and restoring ecosystem function (Peh 
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et al. 2015; Ortíz-Alcaraz et al. 2016; Gizicki et al. 

2017; Hata et al. 2014). On the Island of Hawaiʻi, 

exclusion structures have been maintained for up 

to three decades (Cabin et al. 2000; Nogueira-Filho 

et al. 2009; Hess et al. 2017). While this intervention 

is labor and cost intensive, the short-term benefits 

(such as positive impacts on abundance and growth of 

native species) are well established (e.g., Scowcroft 

and Giffin 1983; Scowcroft and Sakai 1983; Cabin 

et al. 2000), and viewed as essential for successful 

restoration (Fig.  1). However, studies on the mag­

nitude and timing of responses have largely focused 

on vegetation (e.g., Cole et al. 2012; Cole and Litton 

2013), with few examining underlying biogeochemi­

cal responses, and long-term outcomes are not well 

quantified (Cabin et al. 2000). This knowledge gap is 

notable as soil functioning is likely to strongly impact 

the trajectory of vegetation recovery. Available evi­

dence suggests that exclusion of pigs from Hawai­

ian wet forests can decrease bare soil and erosion 

(Bruland et al. 2010; Cole and Litton 2013), and in 

one study (Long et al.   2017) tended to shift the sys­

tem toward increased abundance of nitrate  (NO −
3 ), a 

highly mobile form of N that is more readily leached 

from the soil profile. Increasing time since ungulate 

exclusion (from 6 to 18 years) was associated with a 

decrease in soil N mineralization and pH and increase 

in nitrification. When all exclusion plots of varying 

ages were contrasted with those still frequented by  

pigs, exclusion decreased bulk density and volumetric 

Fig. 1 Effect of non-native ungulate exclusion on litter 
and understory vegetation in wet tropical montane forest in 
Hawaiʻi. Left: ungulates (predominantly pigs) present, right: 
ungulates excluded 

water content and increased base cations, but did 

not otherwise affect total, labile or organic N and C 

(Long et al. 2017). 

Ungulate impacts are frequently accompanied by 

a multitude of other disturbances such as increased 

habitat fragmentation, non-native plant invasions, and 

invasions by other animals such as rodents (Cabin 

et al. 2000). Interactions between ungulate removal 

and disturbances may maintain disruption to sys­

tem biogeochemistry, or even shift ecosystems into 

new or alternative steady states, at least on longer 

(decadal-centennial) time scales. For example, feral 

pig exclusion in Hawaiian wet forest resulted in 

increased biomass of non-native plants such as Kahili 

ginger (Hedychium gardnerianum) and strawberry 

guava (Psidium cattleyanum; Cole et al. 2012; Cole 

and Litton 2013). In dry forests, ungulate exclusion 

increases native plant abundance and diversity, but 

continuing dominance of highly invasive non-native 

grasses suppresses woody recruitment (Cabin et al. 

2000). In Hawaiian dry systems, harvesting of native 

forest trees, the introduction of fire prone non-native 

invasive grasses, and expanding populations of feral 

goats and sheep have all conspired to create a novel 

fire regime that maintains non-native grass-wildfire 

dominated savanna (Ellsworth et al. 2014). Impacts 

of feral ungulates on both plant communities and bio­

geochemical processes may thus feedback on each 

other to maintain invaded systems in an altered eco­

logical state that persists for at least some time fol­

lowing removal. 

Taken together, the diversity of complex interac­

tions may explain the inconsistent responses to non­

native ungulate removal observed across ecosystems. 

For example, Cushman et al. (2004) and Tierney and 

Cushman (2006) documented no changes in net min­

eralization, nitrification or inorganic N pools after 

four to five years of pig exclusion in California grass­

lands, while Siemann et al. (2009) observed that pig 

exclusion increased soil C:N ratios in a Texas wood­

land, possibly reflecting a decrease in litter incorpo­

ration and mineralization, while others have observed 

elevated nitrate in temperate forests (Singer et al. 

1984). Disturbances such as soil loss may continue 

even long after ungulate eradication due to persis­

tent changes in vegetation cover (Gizicki et al. 2017). 

These variable trajectories across sites may reflect 

diverse combinations of disturbance type, severity, 

duration, and underlying differences such as initial 
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nutrient availability, with the strength of biogeo­

chemical impacts also expected to differ by ecosys­

tem type. Specifically, wetter (e.g., montane tropical 

rainforest) versus drier (e.g., dry tropical woodland 

or shrubland) ecosystems differ in both the dominant 

ungulate species present and in their vegetation/soil 

types, structure, and resource availability. Comparing 

diverse ecosystems is important because, for example, 

in drier woodland and shrubland ecosystems water 

may be a stronger control than nutrients on plant pro­

ductivity and diversity (Cole et al. 2021). 

In this study, we asked whether long-term ungulate 

exclusion alters biogeochemical cycling across three 

Hawaiian ecosystems. Studies comparing more- to 

less-heavily disturbed areas (Long et al. 2017) pro­

vide reasonably compelling evidence that ungulate 

disturbance changes biogeochemical cycling. How­

ever, because there are no true unimpacted ‘control’ 

areas in Hawaiʻi, we cannot answer directly ques­

tions about pre-invasion nutrient cycling, includ­

ing whether pre-invasion cycling can be ‘restored’ 

through ungulate exclusion. Instead, we tested the 

hypothesis that removal of non-native ungulates 

reduces rates of N cycling and ecosystem N loss, 

thereby creating a more closed N cycle with lower 

N availability following ungulate removal, with 

increased plant biomass simultaneously driving 

increased plant N demand. We sampled 11 fenced 

exclosures where ungulates had been excluded from 

Metrosideros-dominated tropical montane wet forest 

from 1 to 24 years, Metrosideros-dominated tropical 

dry forest (exclusion from 1 to 12 years) and Dodo­
naea-dominated tropical shrubland (10 years), along 

with paired unfenced controls. We measured a range 

of short- and long-term soil N cycling and availability 

metrics, including resin-available inorganic N, inor­

ganic N leaching, gross mineralization and nitrifica­

tion rates, soil N2O fluxes, and vegetation N isotopic 

ratios (as integrated measures of ecosystem N losses) 

to determine whether and over what time scales ungu­

late exclusion impacts soil N cycling and availability. 

Materials and methods 

Study site 

Field sampling was conducted in 2016/2017 across 

three widespread vegetation types on the Island of 

Hawaiʻi, HI (the largest island in the Hawaiian archi­

pelago), where ungulate removal treatments had been 

in place for variable durations. We established adja­

cent control areas where feral ungulates continued to 

be present (Fig.  S1). Sites representing two locally 

common vegetation types– Metrosideros dry wood­

land and Dodonaea shrubland– were located in the 

Pōhakuloa Training Area (19°40' N, 155°20' W). 

Tropical montane wet forest plots were located in an 

chronosequence of feral pig removal units (and adja­

cent sites with pigs present) in Hawaiʻi Volcanoes 

National Park and the adjacent Pu’u Maka’ala Natural 

Area Reserve (19°24' N, 155°8' W; Cole and Litton 

2013; Fig. 1). 

The shrubland and dry forest site sites are situ­

ated at 1500  m a.s.l. with a mean annual tempera­

ture of 13 °C. Total annual precipitation in 2016 was 

414 mm for the shrubland (5 year average 310 mm) 

and 400  mm for the dry forest (5  year average 

420 mm). Substrate is classified as isothermic Humic 

Haplustands; deep, well drained soils that formed in 

basic volcanic ash in `a`a lava. The Dodonaea vis­
coa open shrubland is largely composed of native 

shrubs, D. viscosa and Chenopodium oahuense, and 

native  C4 grass, Eragrostis atropioides (Poaceae). 

The region is heavily invaded by nonnative  C4 grass, 

Cenchrus setaceus (fountain grass) and invasive forb, 

Senecio madagascariensi (fireweed). Goats, and to 

a lesser extent sheep, are present at both sites. Two 

feral ungulate exclosures in the shrubland were estab­

lished 1  year or 10  years prior to the start of sam­

pling, with the former having fences installed but no 

active ungulate removal until immediately prior to the 

study. The former is used here as a proxy for ungulate 

presence. The dry forest site is a Metrosideros poly­
morpha woodland with scattered shrubs of D. vis­
coa and Styphelia tameiameiae and invasive forb, S. 
madagascariensi. In this dry forest ecosystem, sam­

pling sites consisted of one ungulate-present control, 

plus exclosure plots of ages 1, 5.5, 8, and 12  years. 

All study sites were located in areas of comparable 

climate, vegetation, and substrate (Tables S1 and S2). 

The wet forest sites were located ~ 1200  m a.s.l., 

with a mean annual temperature of 14–16  °C, and 

mean annual precipitation of 3985 mm with no dis­

tinct seasonality (Giambelluca et al. 2013). Substrate 

is classified as Lithic Hapludands; moderately well-

drained soils formed in volcanic ash deposited over 

Pahoehoe lava. Forest cover in all sites is classified 
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as M. polymorpha (overstory tree)/Cibotium spp. 

(mid-story tree fern) tropical montane wet forest 

(Wagner et al. 1999). Sampling was conducted in a 

paired design at six sites from which ungulates had 

been excluded for 1, 12, 14, 16, 22 or 24 years. Study 

sites were located in areas of similar climate, vegeta­

tion, and substrate (Table S1; the one exception was 

the 1-year-old exclosure, which had an understory 

invaded by the nonnative ginger species, Hedychium 
gardnerianum). Paired sets of four plots were estab­

lished inside and outside of the ungulate exclosures 

(Table S1), so that each exclosure was matched with a 

nearby set of plots where ungulates were still present. 

Two of the exclosures (Lava and NLM) shared one 

paired set of control (ungulates present) plots (PMA, 

Table S1). 

Within each control or exclosure site, four 

18 m-radius circular sampling plots were established. 

Sample size values below refer to the number of sam­

ples taken within each of these sampling plot units. 

Soil sampling 

Soil N2O flux was measured in June 2017 using a 

static chamber method. Eight collars were placed 

in each of the four plots in all exclosure and control 

sites. Collars were 20  cm diameter in the wet forest 

and 10  cm diameter in the shrubland and dry forest 

because soils were shallow and rocky. Chambers were 

topped with 10  cm tall PVC lids with a septa sam­

pling port and a vent (path length 60  cm) to allow 

pressure equalization. Headspace samples (20  ml) 

were drawn at 0, 30, and 60 min. Samples were taken 

at ambient soil moisture (all sites), and again 24  h 

after the addition of 2.5 cm rainfall equivalent in the 

dry forest and shrubland. Samples were analyzed at 

Cornell University using a gas chromatograph fitted 

with electron capture and thermal conductivity detec­

tors (Shimadzu GC-2014, Shimadzu Corp. Kyoto, 

Japan). Four depth measurements inside of the collar 

were averaged to calculate chamber volume. Fluxes 

were calculated based on the linear rate of increase in 

concentration over time. 

In June-July 2015, soils from dry forest and shrub-

land were sampled using 12 randomly-located, 3 cm 

diameter by 5  cm deep cores taken from with each 

plot and processed for bulk density. A wide suite of 

soil physical and chemical properties were assessed 

in the wet forest prior to the initiation of this study 

(Long et al. 2017). 

Soil gross N mineralization and nitrification rates 

were quantified using the 15N pool dilution method 

(modified from Hart et al.   1994a, b) once per site 

between Feb and Apr 2016. Four 5 cm diameter cores 

(0–5 cm depth, without litter) per plot were collected, 

composited, and split into three treatments, receiving 

an aqueous solution of 99% enriched (15NH4)2SO4, 

K15NO3, or deionized water (negative control). Solu­

tion volumes were adjusted to limit changes to per­

cent soil water content to 1–2%. Label quantity was 

adjusted based on previous measures of  NH +
4 and 

NO −
3  concentrations in study plots (Long et al.   2017) 

to ~ 15% of the starting concentration. Immediately 

after homogenizing labeled soils, two replicate sub­

samples from each treatment were extracted in 2:1 

2 M KCl. Two additional subsamples were extracted 

after 12 h of incubation at 25 ºC. Inorganic N concen­

trations in extracts were quantified colorimetrically 

with a Lachat QuickChem (Hach Co., Saskatoon, 

Canada) at the University of Hawaiʻi Hilo Analyti­

cal Laboratory. A microdiffusion method was used 

to determine δ15N of NH +
4  and NO −

3  as per Stephan 

and Kavanagh (2009). Samples were diffused for 7 d 

at 22  °C with sample volume adjusted so that sam­

ple + spike did not exceed 35  μg N (for optimal N 

recovery) and filters were analyzed for δ15N using 

a continuous flow isotope ratio mass spectrom­

eter (Model Delta V Advantage; Thermo-Scientific, 

Waltham, USA) coupled to an elemental analyzer 

(Carlo Erba Model NC2500) at the Cornell Univer­

sity Stable Isotope Laboratory. Control diffusions 

were run to account for reagent N contamination, 

and samples with incomplete recovery were excluded 

from analysis. Gross fluxes were calculated using 

equations as per Hart et al. (1994a, b). 

Soil NO −
3 and NH4 

+ availability was estimated  

using the ion-exchange resin bag method (Binkley  

and Matson 1983). Because resins mimic nutrient  

uptake by plants, they provide a useful measure  

of nutrient supply, and resin-captured NO −
3 has  

been shown to be highly correlated with both soil 

NO −
3  concentrations and rates of net nitrification  

(Subler et al.   1995). Four nylon mesh bags per plot  

containing 10  g of mixed bed cation–anion resin  

(Sigma Aldrich, St. Louis, MO) were placed at the  

litter layer-mineral soil interface and incubated for  

either 3 months (wet forest) or 5 months (dry forest  
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and shrubland). During the incubations, control 

bags were stored both in the field (in sealed plastic 

bags) and in the laboratory (refrigerator controls). 

Upon collection, bags were cleaned by thoroughly  

rinsing with distilled water, and extracted by shak­

ing with 100 mL 2 M KCl for two hours. Extracts  

were analyzed for  NO −
3  and NH +

4  concentration as  

described above. 

Resin-based soil solution lysimeters allow for the 

calculation of annual N leachate fluxes by isolat­

ing the resin from direct soil contact and quantify­

ing the concentration of N in free percolating soil 

water. One lysimeter was installed in each wet forest 

plot at a depth of 30  cm. A pit was excavated and 

the lysimeter installed laterally into the soil pro­

file. Resins were collected after three months and 

extracted and analyzed as described above. Due to 

concerns over unexploded military ordnance in the 

dry forest and shrubland sites, resin strips (PRS™­

probes Western Ag, Saskatoon, Saskatchewan Can­

ada) were installed by placing strips horizontally at 

a depth of 10  cm. This method allows for the cal­

culation of a mass per area of leaching (kg  ha−1).  

Strips were retrieved after three months, rinsed with  

DI water, and stored at 4 °C until analysis. 

Foliar isotopic sampling 

Because foliar δ15N integrates all microbial and 

plant transformations of soil N until it is laid down 

in leaves, foliar isotope ratios were used to explore 

broad changes in N cycling (Evans 2001). Foliar 

samples were collected from each plot in June 2017: 

composite samples were hand-collected from three 

individuals of three species at each site, with the 

exception of one wet forest site where only two spe­

cies were consistently present. In the wet forest, 

species selected included the native tree fern  Cibo­
tium glaucum, and shrubs Coprosma ochracea and  

Broussaisia argute (understory species). In the dry  

forest, species were native shrubs D. viscosa and  

S. tameiameiae and the nonnative forb S. mada­
gascariensi and in the shrubland, species included  

native shrubs C. oahuense, D. viscosa, and S. mada­
gascariensis (all sun-leaves). Samples were oven-

dried at 65  °C and ground using a ball mill and  

the isotopic composition determined as described  

above. 

Statistical analyses 

Statistical analyses were conducted in JMP Pro 13.1 

(SAS Institute, USA). Mixed models were used to 

assess the effect of duration of ungulate exclusion 

on response variables. Duration of exclusion was 

included as a fixed effect, and site and plot (nested 

within site) as random effects. For paired sites in the 

wet forest (where each exclosure site was paired with 

a nearby unfenced control site) the pair, site nested 

within pair, and site nested within pair within plot 

were also included as random variables. Because of 

the paired design for the wet forest, data were also 

analyzed with ungulate presence or absence as a fixed 

effect (i.e., all exclusion sites combined, regardless of 

duration) and pair as a random effect. Data from these 

combined analyses are reported only where differ­

ences are significant. Model residuals were inspected, 

and where necessary, data were log transformed or 

Johnson Su transformed to meet assumptions of nor­

mality. Significance was set at alpha = 0.05. 

Results 

Soil N2O fluxes 

There was no significant change in  N2O fluxes with 

increasing time since ungulate exclusion in any of the 

three ecosystems (shrubland with ambient moisture; 

P < 0.09, shrubland with water addition; P < 0.56, 

dry forest with ambient moisture; P < 0.18, dry forest 

with water addition; P < 0.34, or wet forest; P < 0.17; 

Figs. 2a, b, 3a, b, and 4a). 

Mineralization and nitrification rates 

Rates of both gross mineralization and nitrification, 

as measured by  15N pool dilution, did not change sig­

nificantly with time since ungulate exclusion in either 

shrubland or wet forest systems (shrubland P < 0.52 

and P < 0.56, wet forest P < 0.54 and P < 0.34, for 

mineralization and nitrification, respectively; Figs. 2c, 

and 4b, c). However, when the wet forest data were 

combined into broad categories of either presence or 

exclusion of ungulates, a significant increase in gross 

mineralization was observed in the excluded plots 

(P < 0.001, Fig.  4b). In the dry forest, gross nitrifi­

cation decreased significantly by around half (from 
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Fig. 2 Metrics of nitrogen availability and cycling in a Hawai­
ian Dodonea shrubland with time since ungulate exclusion. (a) 
soil N2O flux under ambient soil moisture, (b) soil N2O flux 
after a simulated rainfall event, (c) 15N dilution mineralization 

3.0 ± 0.4 to 1.4 ± 0.3 mg N  kg−1   d−1) over 12 years of 

exclusion (P < 0.02, Fig.  3c), and gross mineraliza­

tion showed a saturating response after exclusion was 

introduced (Fig. 3c). 

Resin bag NH4 
+  and NO3 

−

Total resin-available inorganic N  (NH +
4  and NO −

3 ), 

measured over the course of three to five months, 

did not vary significantly with increasing time since 

ungulate exclusion in any of the three studied ecosys­

tems (shrubland P < 0.40, dry forest  P < 0.19, wet for­

est P < 0.30; Figs. 2d, 3d, and 4d). This was also true 

when NH + −
4 and NO3  were considered separately 

(data not shown). 

and nitrification  rates, (d) resin total inorganic N  (NH +
4 and 

NO −
3 ), (e) lysimeter total inorganic N  (NH +

4  and NO −
3 ) fluxes 

and (f) foliar N isotope ratio (δ15N). Colored lines indicate sig­
nificant linear relationships between variables 

Nitrogen leaching 

In the dry forest, total inorganic N leaching through 

the soil profile increased significantly with increasing 

time since ungulate exclusion (P < 0.03, r2 = 0.25), 

from an average of 3.2 mg N  cm−2   d−1 in unexcluded 

plots to 12.4 mg N  cm−2   d−1 12 years post-exclusion 

(Fig.  3e). When examined separately, this increase 

was significant for  NH + − 
4  but not for  NO3  (P < 0.001 

and P < 0.13, respectively). There was no significant 

change with time since exclusion in either the dry 

shrubland or the wet forest (P < 0.26 and P < 0.33, 

respectively; Figs. 2a, and 4a). Ungulate removal had 

no impact on soil bulk density in the shrubland or dry 

forest (Figs. S1 and S2). 
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Fig. 3 Metrics of nitrogen availability and cycling in a Hawai­
ian Metrosideros dry woodland with time since ungulate 
exclusion. (a) soil N2O flux under ambient soil moisture,  (b) 
soil N2O flux after a simulated rainfall event, (c) 15N dilution-
measured mineralization and nitrification  rates, (d) resin total 

Plant foliar δ15N 

Several plant species showed long-term changes in 

foliar δ15N (an integrated measure of N availability) 

with increasing time since ungulate exclusion. In the 

shrubland, two of the three species examined showed 

a significant decline between 1 and 10  years post-

exclusion; foliar δ15N of herb S. madagascariensis 

declined by on average 1.5‰ (P < 0.04) while that 

of shrub D. viscoa declined by 1.1‰ (P < 0.0013; 

Fig. 1f). In the dry forest, foliar δ15N for S. madagas­
cariensis also declined significantly with time since 

exclusion, by an average of 1.3‰ over 12  years of 

ungulate exclusion (P < 0.02; Fig.  3f) while other 

species showed no significant response. In the wet 

forest, foliar δ15N was significantly lower across all 

three species in ungulate-excluded plots (P < 0.0001, 

P < 0.0001, P < 0.001; Fig.  4f). Of these, foliar δ15N 

declined significantly with time in two of the three 

species examined (Fig.  4f). Tree fern  C. glaucum  

inorganic N  (NH +
4  and NO −

3 ), (e) total lysimeter inorganic N 
(NH + and NO − 15

4 3 ) fluxes and (f) foliar N isotope ratios (δ N). 
Colored  lines indicate significant relationships between vari­
ables 

declined on average by 2.1‰ (P < 0.0305) and shrub 

B. argute by 2.2‰ (P < 0.03) over 24 years of ungu­

late exclusion (Fig. 4f). 

Discussion 

Overall, we found mixed evidence for   N cycling 

responses to invasive ungulate exclusion across 

diverse Hawaiian forests and shrublands over peri­

ods of 10 to 25 years, adding to a pattern of highly 

variable responses observed globally (e.g., Siemann 

et al. 2009; Cushman et al. 2004; Tierny and Cush­

man 2006). Declines in time-integrated foliar N iso­

tope ratios across multiple species in all three systems 

suggest systematic changes in N cycling, and likely 

ecosystem losses of N, but such changes were rarely 

detected in multiple shorter-term metrics of N avail­

ability and cycling (such as inorganic N pool size, 

leaching, gross mineralization/nitrification, or  N2O 
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Fig. 4  Metrics of nitrogen availability and cycling in a Hawai­
ian wet tropical montane forest with time since ungulate 
exclusion. (a) soil N2O flux under ambient soil moisture, (b) 
soil N2O flux after a simulated rainfall event, (c) 15N dilution-
measured mineralization and nitrification  rates, (d) resin total 

flux). This contrasting response pattern likely reflects 

the fact that that assessing ecosystem-level effects of 

ungulate disturbance is complicated by the spatially 

and temporally patchy nature of their impacts (Cush­

man et al. 2004; Long et al. 2017). In this case, vari­

ability may also reflect the different disturbance types 

and intensities of the different ungulates (sheep/ 

goats vs pigs). Temporal variability in these short-

term direct measures may also have obscured pat­

terns, given that we prioritized broad sampling across 

multiple chronosequences and N metrics over exten­

sive temporal replication. Alternatively, the lack of 

strong responses in many metrics of N cycling may 

indicate that ungulates do not significantly impact 

biogeochemical functioning in the first place, though 

this seems unlikely given the severity of disturbance 

observed. It is also possible that ungulates (with or 

without other ongoing disturbances) may have pushed 

the systems into new stable states that are maintained 

even after exclusion, or that biogeochemical recovery 

may operate on time scales longer than 10–25 years. 

inorganic N  (NH +
4  and NO −

3 ), (e) total lysimeter inorganic N 
(NH + and NO − 15

4 3 ) fluxes and (f) foliar N isotope ratios (δ N). 
Colored  lines indicate significant linear relationships between 
variables 

Foliar N stable isotope analyses offer arguably 

the most integrated measure of soil N cycle status 

because they capture the broad changes that result 

from disturbance over longer time periods (Robinson 

2001). Compared with targeted, short-term measure­

ments that capture N pools and fluxes over a period of 

hours (N2O fluxes), days (mineralization/nitrification 

assays), or months (resin bags), foliar isotope val­

ues reflect a mix of available N in soil (ammonium, 

nitrate, and potentially amino acids) assimilated by  

a plant over one or more growing seasons (Robinson 

2001). Thus, changes to foliar N isotopes may reflect 

a ‘smoothed’ long-term signal that is not apparent 

in short-term measures characterized by higher vari­

ability. The observed isotopic decline is consistent 

with two processes– reduced fractionation of N prior 

to uptake or greater inputs of fixed N– of which the 

former is more likely in this context. A lower N iso­

tope ratio in leaves can result from a decrease in the 

proportion of N that passes through fractionating 

processes, because N gas losses for example favor 
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the lighter isotope, leaving the remaining soil pool 

more enriched (Craine et al. 2015). When total avail­

able N is exposed to a reduced number of fractiona­

tion events, relatively more lighter N is retained in 

an ecosystem; in this case, the system appears to be 

less ‘leaky’. In all three systems, we observed a trend 

(only significant in the dry forest) toward increased 

rates of mineralization (a process associated with 

low N isotopic fractionation, Craine et al. 2015) but 

decreased nitrification (more fractionating, and with 

potential N gas loss), which can shift the soil inor­

ganic N pool toward ammonium (less mobile and 

soluble than nitrate). This is consistent with the iso­

topic results, though not with the resin-bag measure­

ments which integrate soil inorganic N concentrations 

over 3–5 months. While we did not measure N fixa­

tion, the significant increases in isotopically-light N 

inputs required to drive the relatively large shift in N 

isotopic values (1.1–2.2 ‰ in non-fixing species) we 

observed are unlikely. While the native N-fixing tree 

Acacia koa is known to be highly facultative and can 

upregulate N fixation in response to demand, their 

numbers did not change with ungulate exclusion, 

and invasive fixers such as Morella faya were not 

common. 

Globally, studies examining impacts of ungulate 

disturbance on biogeochemical functioning report 

findings that range from substantial to undetectable, 

with significance varying across metrics and envi­

ronmental contexts. Most studies have focused on 

invasive pigs in grasslands, woodlands, and temper­

ate forests. In Mediterranean grasslands, four years 

of pig exclusion had no apparent impact on N min­

eralization or nitrification (Cushman et al. 2004), but 

as is common in such studies, detecting differences 

may have been obscured by 20 years of extensive dis­

turbance (both pigs and invasive plant species) that 

likely changed the biogeochemical baseline. Where 

vegetation changes were observed following pig 

exclusion, they were attributed to physical changes 

such as light and removal of competitors, rather than 

to biogeochemical functioning directly. Significant 

responses appear to be more commonly detected in 

forests; for example, Singer et al. (1984) reported pig 

rooting in temperate forests appeared to increase solu­

ble N in soil, lysimeter soil water, and streamwater by 

50–100%. Vitousek (1984) also reported significantly 

greater N mineralization outside of pig-exclosures in 

tropical forests. It is, however, difficult to conclude 

that pigs consistently alter N dynamics from these 

prior studies because results come from different 

geographies, ecosystem types, disturbance intensity, 

duration of impact and recovery, and highly variable 

methodologies. 

Ungulate impacts rarely occur in isolation, and 

biogeochemical trajectories following their removal 

are likely to depend on interactions between multi­

ple disturbance types with varying timing and sever­

ity. Studies have found differences in how native and 

invasive species recover from ungulate disturbance, 

with exotic taxa showing rapid colonization after 

disturbance in coastal grasslands (Cushman et al. 

2004). In Hawaiian woodlands, invasive grasses (that 

persist after ungulate removal) have been shown to 

independently alter both the magnitude and seasonal 

patterns of N mineralization (Mack and D’Antonio 

2003). Tierney and Cushman (2006) also suggest 

that some systems may vary in their rate of recovery 

based on factors such as rainfall and productivity. We 

observed the strongest changes in foliar isotopes in 

the longest exclusion chronosequence in the wet for­

est. This might reflect a greater time since disturbance 

(25 years, compared with 10 years in the shrubland), 

or higher productivity allowing faster vegetation 

responses. A study in a productive Australian tropical 

forest found that seedling density and leaf litter cover 

had recovered to levels observed in long-term pig free 

plots within 12 years following removal (Taylor et al. 

2011). Dry forest and shrubland systems in Hawaiʻi 

are also vulnerable to fire, which has increased 

strongly in the past century (Trauernicht et al. 2015) 

associated with increased fuel loads from invasion of 

non-native grasses (Mack and D’Antonio 1998, 2003) 

and long-term trends of increasing drought frequency, 

severity, and duration (Frazier et al. 2022). These 

changes have co-occurred with expanding popula­

tions of feral ungulates (Wehr et al. 2018). We do 

not have access to fire history needed to examine the 

combined and independent effects of fire, invasion, 

and ungulates in any of the studied chronosequences. 

However, fire can reduce overall ecosystem N avail­

ability through combustion losses (Wong et al. 2019), 

while ungulates can reduce fire risk by lowering the 

fine fuel biomass associated in these dry forest sys­

tems (Evans et al. 2015; Zhu et al. 2021). The inter­

action of these disturbance agents can potentially be 

seen as offsetting, with spatial and temporal variabil­

ity in their impacts creating complex biogeochemical 
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patterns across the landscape. Further interactions 

with climate change, climate variability, and drought 

would only enhance this complexity. 

We conclude that exclusion of non-native ungu­

lates in three Hawaiian ecosystems can lead to sys­

tematic changes in N availability (as indicated by 

long-term shifts in foliar isotopic composition). How­

ever, direct measures of the major controls on ecosys­

tem nutrient availability (e.g., leaching of inorganic 

N and gaseous losses) are variable and do not show 

consistent evidence of detectable change with time 

since ungulate exclusion, potentially reflecting the 

difficulty of capturing spatially and temporally heter­

ogenous effects. Despite the widespread acceptance 

of ungulate removal as a critical practice for restora­

tion of native plant communities, lack of responsive­

ness of some aspects of soil N availability cycling 

may in turn help explain why restoration efforts are 

often slow to manifest (Cole and Litton 2013). The 

persistence of non-native plant species in ungulate 

removal plots may either be explained by, or poten­

tially reinforce, ongoing elevated N availability, 

especially immediately following removal. Future 

research that explicitly investigates multiple interact­

ing disturbances specific to the ecosystem type may 

be one avenue for teasing apart the mechanisms of N 

cycling responses to nonnative ungulate removal, and 

establishing whether multiple intervention types may 

be required to increase restoration efficacy. 
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