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ABSTRACT

Climate change is anticipated to affect freshwater

resources, but baseline data on the functioning of

tropical watersheds is lacking, limiting efforts that

seek to predict how watershed processes, water

supply, and streamflow respond to anticipated

changes in climate and vegetation change, and to

management. To address this data gap, we applied

the distributed hydrology soil vegetation model

(DHSVM) across 88 watersheds spanning a highly

constrained, 4500 mmmean annual rainfall (MAR)

gradient on Hawai‘i Island to quantify stream flow

at 3-h time-steps for eight years in response to the

independent and interactive effects of (1) large

observed decrease in MAR; (2) projected warming

and altered precipitation; and (3) four scenarios of

forest invasion by the high water-demanding non-

native tree species Psidium cattleianum. The model

captured 62% of variability in measured flow at

daily time scales, 95% at monthly time scales, and

98% at annual time scales. We found that low

DHSVM modeled flow (Q90) and storm flow (Q10)

responses to observed declines in rainfall dwarfed

those of projected temperature increase or inva-

sion, with flow decline positively correlated with

MAR. As a percentage of streamflow, temperature

and invasion reductions were negatively correlated

with MAR. By comparison, warming alone had

little effect on Q90 or Q10, but both decreased with

increasing P. cattleianum cover, and projected effects

of declining MAR were accentuated when com-

bined with P. cattleianum and warming. Restoration

mitigated some effects of climate warming by

increasing stream base flows, with the relative ef-

fects of restoration being larger in drier versus

wetter watersheds. We conclude that potential

changes in climate in tropical environments are

likely to exert significant effects on streamflow, but

managing vegetation can provide mitigating bene-

fits.
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INTRODUCTION

Climate warming and changes to the magnitude

and frequency of rainfall events (IPCC 2013; Mul-

ler and others 2011), the spread of non-native and

invasive plants that increase stand water use, and

their interactions are projected to affect the Earth’s

water resources, with resulting declines in the

supply of freshwater for human and natural sys-

tems (Asner and others 2008; Cavaleri and others

2014; Chapin III and others 2010; Milly and others

2005). Despite progress in conserving forest cover

in tropical watersheds, these effects may be espe-

cially large in the humid tropics (Foster 2001; Wohl

and others 2012), and where climate-related

threats will continue to increase in severity, with

anticipated affects to industry, agriculture, tourism,

human health, and ecosystem function (Chapin III

and others 2010; IPCC 2013; Milly and others

2005). While extensive efforts have been directed

at forecasting rainfall and temperature patterns in

the tropics, relatively little is known about how

these effects will translate into watershed function

(Wohl and others 2012).

Effects of climate change on the water cycle are

complex because altered temperature and rainfall

affect numerous processes operating at individual

leaf to watershed scales, which in turn affect the

timing and availability of freshwater resources. For

example, warming affects transpiration and water

use by vegetation, and temperature and precipita-

tion changes are accompanied by changes in rela-

tive humidity, solar radiation, transpiration,

evaporation from the canopy and soil surfaces,

groundwater recharge, and runoff, all with rami-

fications for stream flow (IPCC 2013; Wohl and

others 2012). Although recent (2000–2010) pre-

cipitation has reversed the general drying trend in

the tropics (from 1970 to 2000), the last 50 years

has seen a weakening of the global monsoon cir-

culations and a decrease in the number of days

with precipitation (Zhou and others 2008), which

together reduce stream flows (Piao and others

2010). The strengthening of Hadley-cell subsidence

in the subtropics reduces cloud cover with resultant

changes in solar radiation driving increases in

potential evapotranspiration (PET). The strong

relationship between tropical rainfall intensifica-

tion and warming sea surface temperatures (SST) is

likely to result in larger rainfall events and a

reduction in light to moderate rainfall events (Lau

and Wu 2011). Large inter-annual variability in

Hadley and Walker circulation patterns related to

El Niño Southern Oscillation (ENSO) have poten-

tially concealed a strengthening of tropical circu-

lation patterns since the mid-1970s (Brönniman

2009; Mitas and Clement 2005). Shifts in ocean

currents and temperatures during ENSO periods

result in prolonged periods of drought in tropical

regions, but projections and forecasted changes in

ENSO due to warming are highly uncertain due to

natural variability (Kim and others 2014; Risbey

and others 2014). Thus, Hawai‘i experiences high

inter-annual variation in precipitation, in addition

to large-scale, warming-related changes in precip-

itation. Drought periods reduce stream flows and

aquifer recharge rates, which affect freshwater

availability to community and ecosystems (Meehl

1996). Reductions in freshwater supply limit

stream habitats and lead to reductions in species

abundance and diversity (Gingerich and Wolff

2005).

Highly variable oceanic currents and total col-

umn water vapor (TCWV) produce heterogeneous

climatic conditions across the tropics and result in

large seasonal and inter-annual variability in rain-

fall, including Hawai‘i (Chu and Chen 2005; Mi-

mura and others 2007; Strauch and others 2015).

The intensity of individual rainfall events appears

to be increasing as warmer air holds more moisture

(Westra and others 2013), leading to greater flow

variability (Milleham and others 2009; Milly and

others 2002). Further, increases in the number of

dry days are likely leading to a general drying of the

tropics (Quan and others 2004) and an increase in

solar radiation leading to increases in photosyn-

thesis and transpiration that reduce water inputs to

streams (Oliveira and others 2011). Although pre-

cipitation in the tropics often follows a strong

relationship with TCWV and atmospheric conver-

gences associated with higher SST drive precipita-

tion patterns (Trenberth and Shea 2005), in

Hawai‘i, this is not always the situation as total

rainfall and the magnitude of individual storm

events are decreasing in some areas despite

increasing SST and TCWV (Bassiouni and Oki

2012; Chen and Chu 2014). Projected increases in

air and ocean temperatures for the eastern Pacific

Region (Ruosteenoja and others 2003) coupled

with decreased rainfall (Mimura and others 2007;

Timm and Diaz 2009) are expected to affect sea-

sonal rainfall patterns. Timm and others (2013)

project that increases in SST for tropical oceans are

not likely to result in a greater frequency of
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extreme precipitation events in Hawai‘i, although

there is likely a continued downward trend in total

rainfall for many regions coupled with an increased

frequency of drought (Chu and others 2010). New

downscaling results for Hawai‘i suggest declines in

average rainfall ranging from 5 to 40% depending

on the season, climate scenario, and island, with a

growing contrast between windward and leeward

regions (Timm and others 2015).

Between 1975 and 2006, Hawai‘i experienced a

0.163�C decade-1 increase in surface temperatures

(Giambelluca and others 2008) although annual

precipitation declined at a rate of 6.6% decade-1

over the 30 years ending in 2007 (Frazier and

Giambelluca, unpublished data). An increase in

drought probability, especially since the 1950s

(Chu and others 2010), related to an upward trend

in trade wind inversion frequency (Cao and others

2007), has been accompanied by a decrease in

median baseflow in Hawaiian rivers from 1943 to

2008 compared to pre-1943 records (Bassiouni and

Oki 2012).

There are numerous interactions that also re-

quire attention. For example, a diminishing vertical

lapse rate could result in a more stable atmosphere,

steadily drier conditions, and, because of warming

driven increases in PET, reduced groundwater re-

charge and stream discharge (Cao and others 2007;

Johnson 2012; Timm and Diaz 2009). Decreasing

rainfall is also associated with reduced cloud cover,

and the increase in insolation will further increase

PET and reduce stream flow (Milleham and others

2009). These interactions can exert over-riding

influence on watershed hydrology. In East Africa,

forecasted precipitation increased with warming

but modeled PET increased at a faster rate, based on

the A2 emissions scenario, which when coupled

with an increase in surface runoff, resulted in

declining groundwater recharge and stream base

flow (Milleham and others 2009). Similarly, if rel-

ative humidity remains constant with rising air

temperature and SST, vapor pressure deficit will

most likely increase only marginally (Foster 2001),

with little effect on PET. Initial modeling in Costa

Rica suggests that climate change will result in a

rising cloud base during the dry season in montane

tropical forests (Still and others 1999). A changing

climate may also affect the contribution of cloud

water interception (fog drip) to watersheds as rel-

ative humidity and the elevation of the tempera-

ture inversion layer shift.

The hydrological effects of species introduction

are underappreciated, especially in the tropics

(Asner and others 2008; Cavaleri and others 2014;

Giambelluca and others 2009b). Plant invasion can

result in monotypic stands of high water-use plants

that effect the structure and function of watersheds

by altering rainfall energy (Nanko and others 2013),

rainfall and cloud water interception and throughfall

(Giambelluca and others 2007; Mair and Fares 2010;

Safeeq and Fares 2012), evapotranspiration (Gi-

ambelluca and others 2007), infiltration rates, and

surface water runoff (Zhang and others 2011). Fur-

ther, hydrologic responses of combined changes in

CO2, temperature, and plant physiology, are not well

understood (Coe and others 2009; Knorr and others

2005) along with their potential to affect plant water

use or forest structure (Cavaleri and others 2014). In

Hawai‘i and other tropical locations, Psidium cat-

tleianum is one such rapid invader with demon-

strated potential to alter watershed hydrology

(Strauch and others 2016; Takahashi and others

2011). Growth of P. cattleianum is dependent on

environmental conditions: in full sunlight, it grows

more slowly as an evergreen shrub (2–4 m tall), of-

ten branching from the base with an overall round

shape; under shaded conditions, P. cattleianum grows

tall, with few branches, reaching 8 m or more. Fur-

ther, the spread of P. cattleianum alters community

composition by shading understory species and dis-

placing epiphytic communities that influence cloud

water interception (Huenneke and Vitousek 1990).

In Hawai‘i cloud water interception, canopy water

storage, and canopy evaporation are greater in na-

tive-dominated Metrosideros polymorpha forest (Taka-

hashi and others 2011), whereas throughfall

decreases but stem flow increases in P. cattleianum

invaded forest (Mair and Fares 2010; Mudd and

Giambelluca 2006; Safeeq and Fares 2012; Takahashi

and others 2011). An increase in stem flow may

increase runoff versus infiltration in P. cattleianum

forests, but the reduction in effective rainfall may

lead to an overall reduction in groundwater recharge

(Takahashi and others 2011). However, watershed

scale effects are poorly quantified, and interactions

with warming and drying are unknown.

To address these knowledge gaps, we examined

stream flow for 88 watersheds along a highly con-

strained mean annual rainfall (MAR) gradient

using the distributed soil hydrology vegetation

model (DHSVM) for water years 2005–2012 (Wig-

mosta and others 1994). These adjacent watersheds

represent a model hydrological study system

(Strauch and others 2015), spanning a MAR range

of 3000–7500 mm (Figure 1), across which mean

annual temperature (same elevation range on

Mauna Kea volcano), plant diversity (>85% of

stand basal area dominated by one canopy species,

Metrosideros polymorpha and one mid-story species,

Cheirodendron trigynum), land use (closed-canopy

Climate and land-cover effects on stream flow



forest above 600 m, long-term agriculture below

600 m), soil type (all Andisols with most being

Hydraudands), and parent material origin vary

minimally. We used DHSVM, parameterized with

Hawai‘i specific vegetation and soil values, and

calibrated it against locally measured stream flow,

to quantify how flow responds to observed reduc-

tions in MAR across a rainfall gradient (see Ap-

pendix A). We then used DHSVM to examine how

stream flow is affected by altered rainfall (current,

±20% MAR), temperature (current, +2�C), and

vegetation (current plant cover, a +600 m expan-

sion of P. cattleianum, watersheds fully invaded by

P. cattleianum, and a restoration scenario with full

removal of P. cattleianum and replacement with

native forest). These climate and vegetation chan-

ges were organized into 24 scenarios representing a

full factorial design (Table 1). This modeling exer-

cise across a highly constrained 4500 mm precipi-

tation gradient, allows us to explore hydrological

responses of a tropical watershed to global change.

Further, it allowed us to explore if patterns ob-

served with drying across the MAR gradient

(Strauch and others 2015) are also captured with

modeled changes in MAR.

In previous work (Strauch and others 2015),

reductions in rainfall across the MAR gradient caused

declines in stream flow (mean annual flow, MAF;

median flow, Q50) and flow stability (Q90:Q50) but

increased flow variability (Q10:Q90). Here we

hypothesize that (1) modeled increases in tempera-

ture and decreases in rainfall would result in pro-

portionally greater reductions in flow for lower MAR

watersheds compared with higher MAR watersheds,

and (2) the expansion of P. cattleianum would in-

crease the absolute yield (Q10Y) and relative magni-

tude (MH) of high flows, while decreasing absolute

yield (Q90Y) and relative magnitude (ML) of low

flows. To test these hypotheses, and to understand

the relative importance of these change scenarios

with respect to flow, we compared model results

from the 24 scenarios to results using existing vege-

tation and climate data. Storm flow (Q10) values were

calculated because maximum flows determined the

design of human infrastructure (for example, bridges,

culverts, diversions, and dams), but which are diffi-

cult to predict in tropical environments and expected

to change. Low flows (Q90) were calculated because

even in humid tropical environments, seasonal and

annual variation in rainfall affects water flow, which

can limit agriculture, energy production, and habitat

for freshwater species.

METHODS

Study Area

The North Hilo and H�am�akua districts encompass

the windward side of Hawai‘i Island (Figure 1) and

Figure 1. Map of the windward coast of Hawai‘i Island with mean annual rainfall based on Giambelluca and others

(2013) with the outline of 88 watersheds used. Honolii gaging station 16717000 (triangle) and upstream catchment

(shaded) are provided.

A. M. Strauch and others



span a precipitation gradient from Hilo (6500 mm

MAR) to Pa‘auilo (3000 mm MAR) with a peak in

Honomū (7500 mm MAR). Watersheds are char-

acterized by narrow gulches, young soils

(<100,000 years old), and native ‘�ohi‘a (Met-

rosideros polymorpha) dominated forests at upper

elevations (>600 m a.s.l.). Lower elevations are

characterized by abandoned sugar cane fields con-

verted to homesteads, pastures, eucalyptus stands,

or row crops. Vegetation at lower elevations is

dominated by non-native species, including African

tulip (Spathodea campanulata), albizia (Falcataria

moluccana), and strawberry guava (P. cattleianum).

Distributed Hydrology Soils Vegetation
Model Development

Watershed boundaries, stream networks, and grid

cells were generated from US Geological Survey

(USGS) 10-m resolution digital elevation models

(DEM), which were filled to eliminate hydrologic

‘‘sinks,’’ locations where the model would not

‘‘drain’’ in a downstream direction, and condi-

tioned to reflect actual National Hydrography Da-

taset (NHD) stream channel locations. Stream

layers were created by varying the number of up-

stream pixels necessary to develop channel initia-

tion until created stream vectors reasonably

approximated networks in the NHD (Roth and

Dewald 1999). Equations provided by Parker and

others (2007) were used for each stream reach to

estimate active channel width, active channel

depth, channel gradient, and channel roughness.

Thirty-nine different vegetation and land cover

types were identified from a 30-m resolution Ha-

wai‘i land cover GAP analysis (USGS 2005). To

refine the GAP data to more accurately reflect the

current distribution of P. cattleianum forest species,

the relative abundance of P. cattleianum was mod-

eled from an existing plot network of 50 circular

subplots (30 m radius) in the Hawai‘i Experimental

Tropical Forest located between 540 and 1640 m in

elevation (F. Hughes, unpublished data) and in the

center of our study system. Psidium cattleianum

invasion in subplots ranged from 0–58% of total

basal area with approximately half (22 subplots)

having P. cattleianum. We organized these plots into

four classes of forest invasion: fully invaded

(>10% basal area of P. cattleianum), moderate

invasion (5–10% P. cattleianum), light invasion

(0.1–5% P. cattleianum), and no invasion (0%).

Given the relatively small diameter size of P. cat-

tleianum and the cutoff value for the sampling

(5 cm DBH), 10% basal area represents a sizable P.

cattleianum invasion. As P. cattleianum occurrenceT
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varies with mean annual precipitation and eleva-

tion (Jacobi and Warshauer 1992), P. cattleianum

was modeled in the subplots with MAR (250 m

resolution; Giambelluca and others 2013) and ele-

vation (30 m resolution DEM) with the resulting

significant multiple linear regression (F = 28.3,

P < 0.005, R2 = 0.74, n = 20) generally showing

good agreement. Ranges in elevation and MAR

used for this model were similar to that described in

the study area as a whole. The model then provided

an approximation for categorizing landscape-level

P. cattleianum distribution in areas identified as

forest cover in the GAP land cover dataset.

Vegetation types were linked to model parameter

files that describe stand-level physical characteris-

tics required to run the model. These characteristics

control the calculation of evapotranspiration (ET),

including transpiration and evaporation from the

soil and wet canopy as well as incidence of sunlight

on the soil surface. Parameters for canopy dynam-

ics (max and min stomatal resistance) were esti-

mated for both M. polymorpha and P. cattleianum

based on Giambelluca and others (2007, 2009a)

and Kagawa and others (2009) and scaled linearly

with increasing P. cattleianum abundance and rela-

tive openness of stand type (see Appendix A, veg-

etation classes 31–39). Starting maximum and

minimum stomatal resistance was 100 and 20

mmol m-2 s-1 for M. polymorpha, respectively, and

150 and 33 mmol m-2 s-1 for P. cattleianum,

respectively. Soil moisture threshold, the value

above which soil moisture does not restrict tran-

spiration, and the fraction of total solar radiation as

photosynthetically active shortwave radiation were

assumed constant at 0.358 and 0.686, respectively.

Additional parameters including stand-level per-

cent canopy closure, root depths, leaf area index

(LAI) from MODIS, and other physical factors were

approximated using available literature sources and

scaled linearly on the basis of vegetation type.

(Asner and others 2003; Kagawa and others 2009;

Waichler and others 2005). Modeled subcatchment

streamflow was relatively insensitive to variation in

LAI (see Appendix B).

The DHSVM also requires spatially distributed

information on geology, soil texture characteristics,

and soil depth which determine the rate and vol-

ume at which water moves through the soil profile

in both saturated and unsaturated conditions. Soil

depth and textural classes were mapped from the

Natural Resources Conservation Service (NRCS)

dataset (USDA 2008). One-hundred and fifty NRCS

classes were combined into 16 soil types based

primarily on textural class. Values needed to define

each soil textural type were estimated based on

published literature (Abu-Hamdeh and Reeder

2000; Coen and Wang 1989; Hantush and Kalin

2003; Saxton and Rawls 2006; USDA 2008; Van-

Shaar and others 2002). Based on soil survey da-

tabase values, we made the simplifying assumption

of a uniform soil depth of 1.5 m for the project area.

Base layer conductivity, groundwater conductivity,

and groundwater effective porosity values specific

to the 16 geologic layers were used to map

groundwater contributions to stream flow (Ap-

pendix A). Water could pass below the lowest soil

layer into a shallow groundwater zone, where it

may be transferred back to the soil layer based on

hydraulic head and vertical hydraulic conductivity

values from the literature. Water could also accu-

mulate in a deep groundwater zone where it did

not return and was assumed to leave the watershed

as submarine groundwater discharge to maintain

mass balance.

The DHSVM is driven by meteorological data run

at a subdaily (every three hour) time-step. Inter-

polated meteorological data included precipitation,

air temperature, wind speed, relative humidity, and

shortwave and longwave radiation, each of which

was collected from six climate stations across the

study area. Climate stations were part of the USDA

Forest Service Remote Automated Weather Station

(RAWS) network, the NRCS Soil Climate Analysis

Network (SCAN), the NOAA weather station net-

work, and the University of Hawai‘i—USDA Forest

Service Institute of Pacific Islands Forestry Vegeta-

tion Climate Observatory. Each pixel value was

based on inverse distance weighted from weather

stations. Periods of missing data were filled using

regression analysis based on data from nearby sta-

tions. Longwave radiation was not measured at any

of the stations, but was estimated from shortwave

radiation, precipitation, and air temperature fol-

lowing the approach described by Bowling and

Lettenmaier (1997). Precipitation and adjacent cell

inflow inputs to each grid cell were processed at a

3-h time-step and then passed as an input to down-

gradient cells for the next round of calculations.

Mean annual rainfall (m) was calculated as the

MAR for all pixels within delineated watershed

areas during the period of record (POR; water years

2005–2012). Period of record MAR values were

highly correlated to watershed MAR (R2 = 0.93;

Figure 2A) as provided by Giambelluca and others

(2013).

Fog drip (cloud water interception) can represent

a significant proportion of total water input into

humid tropical systems (Juvik and Ekern 1978).

We did not consider fog drip for two reasons. First,

the DHSVM does not account for fog drip and so

A. M. Strauch and others



there is no parameter associated with this input.

Second, there are no measurements of fog drip in

our project area. Despite this, the fully parameter-

ized model performed well during the preliminary

development phase (at USGS gage 16717820 for

water years 1969–1971) and during calibration runs

(see below). Although we could estimate the fog

drip contribution to the water budget across the

MAR gradient, for example, adding 20% to the total

in the intermediate areas, the error of not explicitly

modeling fog drip is unlikely to create bias across

modeled treatments because: (1) as MAR declines,

fog drip is likely to become proportionally less

important, and so modeled changes in stream flow

across MAR would be conservative; (2) in wet areas,

fog drip is overwhelmed by MAR; (3) the propor-

tional contributions of fog drip are unlikely to vary

strongly across modeled changes in MAR (±20%

treatments); and (4) warming could affect fog drip,

but data are completely lacking on these potential

changes. Overall, fog drip is a poorly quantified in-

put, varies over time and space [see Juvik and Ekern

(1978) or Scholl and others (2002)], and responses

to environmental change represent an important

area of current climate change research.

Model Calibration and Accuracy

The DHSVM was calibrated for use in this study by

optimizing model stream discharge with respect to

observed values from Honoli‘i stream gage (USGS

stream gage number 16717000) for water years

2005–2012. The Honoli‘i watershed represents a

middle ground among watershed MAR. Calibration

consisted of varying the lateral and vertical hy-

draulic conductivity values to arrive at the best fit

with the observed data until the gage values were in

agreement. Under current climate and vegetation

patterns, we found robust agreement between

modeled and observed flow (Figure 2B). Modeled

mean annual flow (R2 = 0.99) and mean monthly

flow (R2 = 0.92) correlated well with observed val-

ues while at a daily resolution, the model performed

well (R2 = 0.62) but tended to underestimate peak

flows during large storm events and overestimate

flow in the recession limb of the hydrograph.

Model Scenarios

Following calibration, DHSVM was run under a full

factorial of 24 different scenarios (Table 1). Sce-

narios were developed based on predicted changes

in temperature, the range of possible changes to

rainfall, and anticipated changes in vegetation

cover based on assumptions of no management or

greatly expanded management. Each climate-re-

lated scenario included either the current temper-

ature pattern or a constant 2�C increase in

temperature applied to the temperature record. A

2�C, temperature increase represents a reasonable

approximation of late 21st century climate in the

North Pacific under a business as usual emissions

pathway (IPCC 2013). Relative humidity was held

constant with this temperature increase. The effect

of uncertain future precipitation change was as-

sessed using scenarios of 20% increase, no change,

and 20% decrease. We did not have access to

dynamically downscaled temperature and rainfall

data that would allow us to explore future changes

in the temporal distribution of MAR. Vegetation

scenarios included the current modeled distribu-

tion of P. cattleianum, a +600 m expansion of P.

cattleianum into native forest from the boundary of

its current distribution, complete invasion by P.

cattleianum of native forests below 1828 m eleva-

tion, and a restoration scenario with removal of P.

cattleianum from currently invaded forests and

replacement with native only plant species forest.

Vegetation was reclassified using the original class

of P. cattleianum invasion and slope distances from

pixels with any P. cattleianum invasion, reflecting an

increase in P. cattleianum biomass, stem density, and

changes in canopy closure (see Appendix C). Some

forest areas are already experiencing complete

invasion, while a +600 m expansion represents a

conservative estimate of invasion expansion by

2050. Watershed managers are working on various

physical, chemical, and biocontrol techniques to

greatly reduce the growth and spread of P. cat-

tleianum across its current range.

Data Analysis

Flow metrics and mean annual flow were calcu-

lated for each stream based on flow data generated

with a 3-h time-step and converted to mm to

normalize by watershed area. We computed storm

flow, the magnitude of the flow equaled or ex-

ceeded 10% of the time (Q10), the mean magnitude

of the annual high flow relative to the median flow

(MH), the magnitude of the median flow (Q50),

mean annual flow (MAF), low flow, the magnitude

of the flow equaled or exceeded 90% of the time

(Q90), the mean magnitude of the annual low flow

relative to the median flow (ML), flow variability,

the ratio of high flow to low flow (Q10:Q90) and

flow stability (Q90:Q50), the ratio of low flow to

median flow, for each watershed (Clausen and

Biggs 2000; Olden and Poff 2003). Relationships

between watershed MAR and Q10 yield (Q10Y), Q50

yield (Q50Y), Q90 yield (Q90Y), as well as between

Climate and land-cover effects on stream flow



MH, ML, and Q10:Q90 to log-transformed volumetric

MAR were examined using least-squares linear

regression with SimgaPlot (v. 12.0, Systat Inc., San

Jose, CA). All flow values were log-transformed to

maintain normally distributed residuals. Similarly,

we used linear regression forced through zero to

examine the effect of modeled changes in climate,

invasion or restoration, and rainfall on MAF (as

mm y-1) and reported the slope (b) with the cur-

rent period of record MAR for each model. The

ratio of scenario modeled regression coefficient (b)
to modeled current conditions regression coeffi-

cient (bcurrent) was calculated for comparison. The

median percent (%) change in MAF and the total

cumulative change in MAF across all watersheds

were also calculated. To visualize spatial differences

in stream flow across the study region, we utilized a

geographic information system (GIS) to depict flow

metrics under current conditions and the percent

change in MAF from current conditions for each

scenario.

RESULTS

Modeled Flow Across a Natural Climate
Gradient

With increasing annual rainfall, we found an in-

crease in Q90 (R2 = 0.68 F1,86 = 181.7, P < 0.001),

Q50 (R2 = 0.77 F1,86 = 293.8, P < 0.001), Q10

(R2 = 0.71, F1,86 = 211.7, P < 0.001), and MAF

(R2 = 0.73 F1,86 = 234.3, P < 0.001) (Figure 3A–

C). Flow stability was negatively correlated with

MAR (R2 = 0.30, F1,86 = 36.9, P < 0.001); as

watersheds became drier, flow become more

unstable (Figure 3D). This occurred due to reduc-

tions in low flow with declining MAR, whereas the

intensity of major rainfall events did not change

with MAR. There was little change in MH and ML

across the MAR gradient (Figure 3F), even though

absolute flow yields did not follow this trend (Fig-

ure 3A–C). Across the model hydrological study

system, trends in flow statistics generally followed

precipitation patterns (Figure 4A–C), as expected,

but intermediate MAR watersheds presented the

most variable flows (Figure 4D).

Modeled Flow and Climate Warming
Under Current Vegetation

A modeled 2�C increase in temperature (+2�C
treatment) alone had the smallest effect on flow,

with a mean % change in Q50Y and mean MAF of

+1.89% (SE ± 0.13%) and +1.66% (SE ± 0.09%),

respectively. This resulted in a mean change in

MAF of 0.005 m3s-1 (SE ± 0.0008 m3s-1) and a

cumulative gain of 14.61 million m3s-1 (Table 2).

The amount of water gained in MAF in this sce-

nario increased with increasing MAR (R2 = 0.99,

F1,86 = 6199, P < 0.001) although low MAR

watersheds had the largest percentage gains in

MAF (Figure 5A). Compared to current conditions,

the +2�C increase resulted in a slight reduction in

MH and a slight increase ML.

Increased stream flow in response to warming

may be due to reductions in stomatal conduc-

tance, a response in plants that helps reduce

moisture loss and that would lead to an increase

in soil water. Further, the modest increase in the

vapor pressure deficit (VPD) resulted in higher

evaporative demand with the stomatal conduc-

tance response to increasing VPD strong enough to

Figure 2. A Modeled watershed mean annual rainfall

compared to long-term watershed mean annual rainfall

based on Giambelluca and others (2013) for water years

2005–2012. B Observed and modeled mean daily flow

from water years 2005–2012 at the USGS gage station

number 16717000 on Honoli‘i River, Hawai‘i Island.

A. M. Strauch and others



overcome the increase in PET, reducing transpi-

ration and ET overall. Although P. cattleianum

transpiration increased in this scenario, current P.

cattleianum cover is relatively small compared to M.

polymorpha in most watersheds. This indirect effect

on plant water use by temperature (via VPD)

would be more subject to real world changes to

insolation, relative humidity and downwelling

longwave radiation, which because of lack of data,

were kept constant across modeling scenarios.

Additional consequences of temperature increase,

(for example, effects on TCWV or on the height of

the inversion layer) also were not included in this

analysis.

Modeled Flow and Altered Rainfall
Under Current Vegetation

Both decreased and increased precipitation sce-

narios had unsurprisingly large effects on flow

(Strauch and others 2015), with greater absolute

changes to MAF occurring in wetter, high flow

watersheds, while drier, low flow watersheds had

the greatest % change in flow (Figure 6A). A 20%

decrease in rainfall resulted in a mean change in

MAF of -33.6% (SE ± 0.53%) over the 8-year

period, with a range of -26.3 to -49.8%. By

comparison, a 20% increase in rainfall resulted in a

mean change in MAF of 38.1% (SE ± 0.94%) with

a range of 26.9–69.5% (Figure 6B). The combined

effects of the +2�C and -20% rainfall resulted in a

change in mean annual flow of -32.2%

(SE ± 0.48%) with % change in annual flow

increasing with decreasing MAR (F1,86 = 56.8,

P < 0.0001; Figure 7A). The largest regression

slopes between MAF yield and MAR were in the

+20% rainfall scenarios while the smallest slopes

were in the -20% rainfall scenarios (Table 2).

Modeled Flow and Effects of P.
cattleianum Invasion

Modeled +600 m expansion in P. cattleianum and

complete invasion of watersheds below 1830 m

Figure 3. Under current

conditions, (A) high flow

(Q10), (B), median flow

(Q50), and (C), low flow

(Q90) versus period of

record mean annual

rainfall (MAR). Also, (D)

flow stability (Q90:Q50)

(E) mean annual flow

(MAF) and (F) relative

magnitude (unitless) of

the mean annual low

flow (ML) or high flow

(MH) versus MAR.
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a.s.l. resulted in -0.92% (SE ± 0.07%) and

-1.85% (SE ± 0.03%) mean changes in MAF,

respectively, equating to 10.69 and 21.45 million

m3 of less streamflow per year (Table 2; Figure 5B,

C). With complete invasion of forests, mean change

in Q90 was -2.53% (SE ± 0.46%) ranging from

-14.0 to 5.3%, whereas mean change in Q10 was

-1.64% (SE ± 0.29) ranging from -11.2 to

2.16%. Further, there was a mean % change in MH

of +1.73% (SE ± 0.42%) ranging from -20.5 to

12.4%, and a mean % change in ML of -0.64%

(SE ± 0.65) ranging from -12.2 to 24.8%. Full

restoration of native vegetation increased mean MAF

by 1.03% (SE ± 0.09%) resulting in a return of

14.99 million m3 y-1 (Figure 5D), whereas increasing

ML by a mean of 1.13% (SE ± 0.69%; range -18.8

to 34.9%) and decreasing MH by a mean of 0.83%

(SE ± 0.31%; range -4.3 to 22.9%).

With increasing P. cattleianum vegetation cover,

the rate of change in mean annual flow yield de-

creased with MAR, suggesting a negative effect of P.

cattleianum on the watershed response to rainfall.

Physiological differences between native and

introduced species are likely to influence the

movement of water through watersheds. In Ha-

wai‘i, M. polymorpha-dominated forests are being

replaced by P. cattleianum-dominated forests,

resulting in a 27% greater ET during wet conditions

and a 53% greater ET during dry conditions (Gi-

ambelluca and others 2007). Throughfall rates in P.

cattleianum-dominated forests in drier environ-

ments are much lower than native forests due to

increases in wet-canopy evaporation and stemflow

(Mair and Fares 2010).

Combined Effects of P. cattleianum
Invasion, Warming, and Rainfall Change

Compared to current climate and forest cover

conditions, a +2�C and complete P. cattleianum

Figure 4. Current conditions modeled (A) storm flow (Q10; mm d-1), (B) low flow (Q90; mm d-1), (C) mean annual flow

(mm y-1), and (D) flow variability (Q10:Q90) for watersheds on the windward coast of Hawai‘i Island for water years 2005–

2012. Top color gradient applicable for (A) and (B).

A. M. Strauch and others



invasion resulted in a mean % change in Q90 of

-0.015% (SE ± 0.33%) and in Q10 of +0.45%

(SE ± 0.25%). Subsequently the mean change in

MAF was -0.001 m3s-1 (SE ± 0.0009) resulting in

a mean total annual reduction in streamflow of

17.6 million m3s-1 across watersheds (Figure 7H).

Compared to observed hydrology under current

climate and vegetation conditions, modeled

hydrology under +2�C and full P. cattleianum inva-

sion scenarios (Figure 7H) lowered median MAF by

-0.9% resulting in a reduction of 0.0698 m3s-1

(Table 2). Compared to the +2�C scenario alone, +2�C
and complete invasion resulted in a mean % change

in ML and MH of -0.89% (SE ± 0.59%) and +1.50%

(SE ± 0.27), respectively, as well as an increase in

MAF with increasing MAR (R2 = 0.43; F1,86 = 19.35,

P < 0.001). Percent reduction in stream flow under

the combined effects of +2�C and invasion was

greatest in lower MAR watersheds (Figure 7G, H),

with differences across the gradient more pronounced

under the +2�C/-20% rainfall/fully invaded scenario

(Figure 7B) than the +2�C/-20% rainfall scenario

alone (not shown). In the worst case scenario of

+2�C/-20% rainfall/full invasion, there was a mean

% change in Q10 of -27.5% (SE ± 0.9%) and Q90 of

-34.8% (SE ± 0.5%). Under current rainfall with a

+2�C warming, mean change in MAF for the full re-

moval scenario was 0.01 m3s-1 (2.1%), compared to

the full invasion scenario which was -0.001 m3s-1

(-0.3%) (Figure 7H, I).

DISCUSSION

Managing for the continued capacity of tropical

landscapes to provide clean, fresh water to society

and for terrestrial, aquatic, and near-shore habitat

needs has become a major natural resource chal-

lenge in island systems because watersheds and

aquifers are typically smaller, and hydraulic pro-

Table 2. Regression Coefficient (b) of Each Linear Regression Model Between Mean Annual Flow (MAF)
(mm y-1) and Period of Record Mean Annual Rainfall (mm) with the Ratio of Modeled Scenario Regression
Coefficient (b) to Current Conditions Regression Coefficient (bcurrent).

Scenario Mean annual flow

yield

Median (SD) D MAF Total D MAF

Temp Rainfall Vegetation b b / bcurrent (m3 s-1) (m3 s-1)

Current +20% Full restoration 0.6546 1.3409 0.0509 (0.2375) 13.129

Current +20% Current 0.6498 1.3310 0.0498 (0.2274) 12.644

Current +20% +600 m 0.6467 1.3246 0.0485 (0.2213) 12.279

Current +20% Full invasion 0.6457 1.3227 0.0479 (0.2178) 11.908

Current Current Full restoration 0.4929 1.0097 0.0013 (0.0102) 0.475

Current Current Current 0.4882 1.0000 n/a n/a

Current Current +600 m 0.4855 0.9946 -0.0013 (0.0062) -0.3388

Current Current Full invasion 0.4845 0.9924 -0.0004 (0.0156) -0.6797

Current -20% Full restoration 0.3424 0.7014 -0.0434 (0.2091) -11.392

Current -20% Current 0.3380 0.6924 -0.0453 (0.2190) -11.855

Current -20% +600 m 0.3356 0.6874 -0.0463 (0.2246) -12.167

Current -20% Full invasion 0.3348 0.6857 -0.0480 (0.2275) -12.445

+2�C +20% Full restoration 0.6591 1.3502 0.0542 (0.2437) 13.479

+2�C +20% Current 0.6560 1.3438 0.0532 (0.2353) 13.144

+2�C +20% +600 m 0.6527 1.3369 0.0514 (0.2294) 12.798

+2�C +20% Full invasion 0.6528 1.3371 0.0498 (0.2271) 12.561

+2�C Current Full restoration 0.4971 1.0183 0.0031 (0.0148) 0.7956

+2�C Current Current 0.4940 1.0120 0.0019 (0.0077) 0.4630

+2�C Current +600 m 0.4882 1.0000 0.0007 (0.0028) 0.1455

+2�C Current Full invasion 0.4914 1.0066 0.0008 (0.0085) -0.0698

+2�C -20% Full restoration 0.3461 0.7090 -0.0422 (0.2049) -11.112

+2�C -20% Current 0.3432 0.7030 -0.0438 (0.2119) -11.432

+2�C -20% +600 m 0.3407 0.6978 -0.0442 (0.2173) -11.723

+2�C -20% Full invasion 0.3408 0.6980 -0.0448 (0.2190) -11.903

Median and standard deviation (SD) change (D) in MAF (millions m3s-1) and total change (D) in mean annual flow (millions m3s-1) from current conditions for each
scenario
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cesses more vulnerable to climate and land cover

change. Climate change is expected to alter the

spatial distribution of rainfall as well as the fre-

quency and intensity of rainfall events on tropical

islands. These changes will have consequences for

watershed hydrology, but the nature of how these

changes interact with land cover change has re-

ceived insufficient attention. We applied DHSVM

across a model hydrological study system charac-

terized by a steep rainfall gradient to examine how

stream flow may respond to the independent and

interactive consequences of climate change and P.

cattleianum invasion. Declines in watershed MAR

resulted in decreases in storm, median, and low

flow yields, along with decreases in flow stability

and increases in flow variability. Although the full

effect of these changes in water flow and flow

variability on ecological processes is largely un-

known for tropical island systems (Wohl and others

2012), it is clear that reduced stream flow has

negative consequences for native habitat avail-

ability and freshwater biota in Hawai‘i (Gingerich

and Wolff 2005; McIntosh and others 2008).

Stream Flow Responses to Observed
Changes in Mean Annual Rainfall

Our analyses show that declines in MAR correlate

with declines in flowyield under allmodeled climate

scenarios, and that a warmer, drier climate will have

significant and substantial negative effects on stream

flow. Observed changes in MAR also exerted strong

effects on flow variability,MH, andML due to MAR-

driven shifts in lowflow andmedian flow.We found

that drier MAR watersheds tended to have greater

solar radiation and ET, reducing groundwater re-

charge and lower flows while the size of large storm

events is less influenced by MAR (Timm and others

2011). At the same time,MARhadweaker effects on

absolute changes in low flow and storm flow. Mod-

eled P. cattleianum expansion reduced flow yields,

but this reduction was dwarfed by the reductions

due to a simulated 20%decrease inMAR. The effects

of changing MAR or land cover varied across the

MAR gradient, but full removal of P. cattleianum and

replacement with forests composed entirely of na-

tive plant species increased stream flow.

Figure 5. Modeled

percent (%) change in

mean annual flow for (A)

+2�C temperature

increase with current

vegetation cover and

current temperatures

with (B) +600 m

expansion of P.

cattleianum, (C) complete

invasion of P. cattleianum,

(D) complete restoration

to native forest, for

watersheds on the

windward coast of

Hawai‘i Island for water

years 2005–2012. Legend

applicable to all maps.
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Modeled Effects of Invasive Species
Expansion on Stream Flow

The expansion of P. cattleianum into native wet

forests has diverse consequences for Hawaiian

ecosystems including loss of habitat for native

species, new habitats for introduced species, chan-

ges in canopy structure and groundcover, and al-

tered watershed hydrology (Strauch and others

2016). The distribution of P. cattleianum is primarily

limited by elevation (temperature) and rainfall,

with no natural herbivore or disease constraints in

Hawaiian forests (Huenneke and Vitousek 1990).

Little is known about the hydrologic effect of

invasion by P. cattleianum under future climate

conditions, although the maximum habitable ele-

vation will increase with increasing temperature. In

this study, modeled P. cattleianum expansion (+600

m from current distribution) and complete invasion

of watersheds below 1830 m a.s.l. resulted in a

mean MAF reduction of 0.339 and 0.680 m3s-1,

respectively. With complete invasion,MH decreased

with increasing watershed MAR although at almost

the same rate as for current conditions, while ML

decreased at a faster rate with increasing MAR. This

suggests that the relative size of high flows may not

change with invasion, although we had anticipated

that increases in stem flow may increase runoff and

thus high flows. Further, with increasing MAR, the

rate of change in ML was smaller with P. cattleianum

invasion suggesting a reduction in the shallow

groundwater recharge that contributes to lower

flows. It is also likely that the extreme amounts of

rainfall and runoff produced by many storm events

may be obscuring any effects of vegetation change

on hydrological properties of watersheds.

Psidium cattleianum growth rate responds more

rapidly to water availability, out growing native

species, and altering the structure of Hawaiian

forests (Asner and others 2008). The invasion of P.

cattleianum reduces epiphyte biomass by as much as

2.59, reducing by approximately half the capacity

of forests to capture cloud water and retain water

aboveground (Mudd and Giambelluca 2006). In

native forests, understory vegetation increases

cloud water interception and retains fog drip and

rainfall as aboveground water storage—water that

contributes to stream flow and aquifer recharge

(Takahashi and others 2011). The loss of under-

story vegetation that accompanies invasion may

also drive a reduction in infiltration, leading to an

increase in overland flow and sediment runoff

Figure 6. Modeled

percent (%) change in

mean annual flow for (A)

+20% increase in annual

rainfall and (B) 20%

decrease in annual

rainfall for watersheds on

the windward coast of

Hawai‘i Island for water

years 2005–2012.
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following storm events (Zimmerman and others

2008). Further, the osmotic adjustments made by

the leaves of P. cattleianum enable this species to

endure greater negative water potentials, such that

P. cattleianum can retain its leaves during drought

periods without xylem cavitation (Yazaki and oth-

ers 2010). This allows P. cattleianum to rapidly uti-

lize water when it becomes available. Psidium

cattleianum invasion increases forest growth rates

and biomass accumulation, especially under sha-

ded conditions (Ortega and others 2006; Uowolo

and Denslow 2008), with subsequent shading and

competition for resources by introduced species

(Baruch and Goldstein 1999). In the longer-term,

P. cattleianum serves as a food source for a variety of

introduced birds and ungulates (Diong 1982;

Huenneke and Vitousek 1990) as well as inverte-

brates (Joe and Daehler 2008) .

Combined Consequences of Climate and
Species Invasion

Invasion of watersheds by P. cattleianum magnified

the effects of climate change by further reducing

low flows and increasing high flows. In the +2�C/
-20% rainfall with full invasion scenario, there

was a strong (R2 = 0.87) negative relationship be-

tween Q10:Q90 and MAR suggesting an increase in

flow variability as the climate dries. By contrast,

full removal treatment under the +2�C temperature

scenario increased median percent change in MAF

by 1.97% resulting in an increase in streamflow

Figure 7. Modeled percent (%) change in mean annual flow for +2�C temperature increase and three potential outcomes

of P. cattleianum management (+600 m expansion, complete invasion, and complete restoration) with three potential

rainfall scenarios (-20% annual rainfall, +20% annual rainfall, and current rainfall) in watersheds on the windward coast

of Hawai‘i Island for water years 2005–2012. Color gradients are applicable to the three figures in each row.
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across most watersheds. Modeled future climate

scenarios did not consider a change in the distri-

bution of rainfall, merely the percent change in the

total amount of rainfall at each time interval. The

intensity of rainfall events, the length of dry peri-

ods, or the seasonal/diel distribution of rainfall was

not changed, although these are expected to

change in Hawai‘i and throughout the tropics (Chu

and others 2010; Milly and others 2002; Quan and

others 2004). Fog drip will similarly be expected to

change with climate, but how and to what extent is

unknown. Managing vegetation will have a small

but critically important effect on increasing the

supply of freshwater during periods of climate

uncertainty.

Difficulties with Modeling Stream Flow
in Tropical Island Systems

There are a number of inherent difficulties with

modeling stream flow in tropical environments,

especially where streams dissect volcanic geology

and daily rainfall is extremely variable (Dettinger

and Diaz 2000; Post and Jakeman 1999). Hydro-

graphs of low-order tropical streams are very fla-

shy, with frequent extreme flows but few

intermediate flows as a result of rainfall-driven

runoff events (Smith and others 1998). Under-

standing changes in extreme flows is important for

maintaining resilient infrastructure (which is de-

signed for flood events), quantifying erosion (most

of which occurs during flood events), and for

assessing effects on amphidromous species (which

depend on floods for reproductive success). Here,

DHSVM consistently under-predicted peak dis-

charge of storm events, but over-predicted the

recession limb of the hydrograph. This may be due

to the short, narrow, and steep nature of island

watersheds that move water efficiently off the

landscape resulting in more steeply sloped hydro-

graphs (time to peak flow within hours) compared

to continental systems (Tomlinson and De Carlo

2003). Cuo and others (2006) similarly found that

DHSVM under reported high flow events in Thai-

land.

The high permeability of basaltic substrates on

young volcanic islands was assumed to prevent the

development of freshwater lenses with heads

greater than a few meters above sea level. In these

model runs, we assumed some interaction with

groundwater but ignored the effects of dike for-

mation or perched water bodies. However, basalt

substrates can be fully saturated at higher eleva-

tions (up to 1000 m a.s.l.) with vertical dike for-

mations forcing the water table much closer to the

land surface and making a significant contribution

to stream flow (Gingerich 1999). The extent of dike

formations on the windward coast of Hawai‘i Island

is largely unknown (Stearns and Macdonald 1946)

and so this was ignored. However, water mass

balance was maintained by losses to submarine

groundwater discharge and the DHSVM provided

good representation across a range of stream flow

conditions. The model was calibrated using data

from a watershed with a high MAR, so it is possible

that in much drier conditions (that is, with water-

sheds with half the modeled MAR), the model is

less accurate, although consistency in soil proper-

ties, underlying geology, and vegetation is likely to

mitigate this issue.

Taken together, the value of these results may

relate most to relative comparisons across scenarios

and represent conservative estimates of flow and

the magnitudes of extreme high and low flows. In

future model runs, limiting the time-step to one

hour would improve the model response to ‘‘fla-

shy’’ environments. The use of a three-hour time-

step smoothed out this type of response. Alterna-

tively, quantifying water mass balance using a daily

time-step might be more accurate, as daily values

in rainfall, ET, and radiation can be generated more

easily across variable topography. For future cli-

matic scenarios, taking into account changes to the

temporal distribution of rainfall may also improve

the model’s ability to predict changes in stream

flow.

We conclude that given these future climate and

vegetation scenarios: (1) the volume of water lost in

high MAR watersheds under warming and drying

will be substantial; (2) rivers in drier regions will

lose a greater proportion of stream flow and have

more variable flows than in wetter regions; and (3)

increasing P. cattleianum cover will reduce flow vol-

ume but increase flow variability. In a warmer cli-

mate (+2�C), species invasion (fully invaded)

resulted in more than a 69 reduction in mean MAF

compared to current vegetation, and restoring na-

tive vegetation mitigated the effects of P. cattleianum

on stream flow by almost doubling mean MAF. By

predicting where water loss will be greatest under

future climate and land cover scenarios, targeted

approaches to native forest restoration will provide

the most cost-effective improvements to provision-

ing of hydrological services.
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Ruosteenoja K, Carter TR, Jylhä K, Tuomevirta H. 2003. Future

climate in world regions: an intercomparision of model-based

projections for the new IPCC emissions scenarios. Helsinki:

Finnish Environment Institute. No. 644.

Safeeq M, Fares A. 2012. Interception losses in three non-native

Hawaiian forest stands. Hydrological Processes 28(2):237–54.

Saxton KE, Rawls WJ. 2006. Soil water characteristic estimates

by texture and organic matter for hydrologic solutions. Soil

Science Society of America Journal 70:1569–78.

Scholl MA, Gingerich SB, Tribble GW. 2002. The influence of

microclimates and fog on stable isotope signatures used in

interpretation of regional hydrology: East Maui, Hawaii.

Journal of Hydrology 264:170–84.

Smith LC, Turcotte DL, Isacks BL. 1998. Stream flow charac-

terization and feature detection using a discrete wavelet

transform. Hydrological Processes 12:233–49.

Stearns HT, Macdonald GA. 1946. Geology and ground-water

resources of the Island of Hawaii. Honolulu (HI): Territory

Government of Hawaii. pp 1–363.

Still CJ, Foster PN, Schneider SH. 1999. Simulating the effects of

climate change on tropical montane cloud forests. Nature

398:608–10.

Climate and land-cover effects on stream flow



Strauch AM, Bruland GL, MacKenzie RA, Giardina CP. 2016.

Soil and hydrological responses to wild pig (Sus scofa) exclu-

sion from native and strawberry guava (Psidium cattleianum)-

invaded tropical montane wet forests. Geoderma 279:53–60.

Strauch AM, MacKenzie RA, Bruland GL, Giardina CP. 2015.

Climate driven changes to rainfall and streamflow patterns in

a model tropical island hydrological system. Journal of

Hydrology 523:160–9.

Takahashi M, Giambelluca TW, Mudd RG, DeLay JK, Nullet MA,

Asner GP. 2011. Rainfall partitioning and cloud water inter-

ception in native forest and invaded forest in Hawai‘i Volca-

noes National Park. Hydrological Processes 25:448–64.

Timm O, Diaz HF. 2009. Synoptic-statistical approach to regional

downscaling of IPCC twenty-first-century climate projections:

seasonal rainfall over the Hawaiian Islands. Journal of Climate

22:4261–80.

Timm O, Diaz HF, Giambelluca TW, Takahashi M. 2011. Pro-

jection of changes in the frequency of heavy rain events over

Hawai’i based on leading Pacific climate models. Journal of

Geophysical Research 116:D04109.

Timm O, Takahashi M, Giambelluca TW, Diaz HF. 2013. On the

relation between large-scale ciriculation pattern and heavy

rain events over the Hawaiian Islands: Recent trends and fu-

ture changes. Journal of Geophysical Research: Atmospheres

118:4129–41.

Timm OE, Giambelluca TW, Diaz HF. 2015. Statistical down-

scaling of rainfall changes in Hawai‘i based on the CMIP5

global model projections. Journal of Geophysical Research:

Atmosphers 120:92–112.

Tomlinson MS, De Carlo EH. 2003. The need for high resolution

time series data to characterize Hawaiian streams. Journal of

the American Water Resources Association 39:113–23.

Trenberth KE, Shea DJ. 2005. Relationships between precipita-

tion and surface temperature. Geophysical Research Letters

32:L14703.

Uowolo AL, Denslow JS. 2008. Characteristics of the Psidium

cattleianum (Myrtaceae) seed bank in Hawaiian lowland for-

ests. Pacific Science 62(1):129–35.

USDA. 2008. Soil Survey geographic (SSURGO) database for

Island of Hawaii Area, Hawaii. In: Service NRC, Ed. US

Department of Agriculture.

USGS. 2005. National gap analysis program. In: Survey USG, Ed.

Reston (VA).

VanShaar JR, Haddeland I, Lettenmaier DP. 2002. Effects of

land-cover changes on the hydrological response of interior

Columbia River basin forested catchments. Hydrological Pro-

cesses 16:2499–520.

Waichler SR, Wemple BC, Wigmosta MS. 2005. Simulation of

water balance and forest treatment effects at the H.J. Andrews

Experimental Forest. Hydrological Processes 19(16):3177–99.

Westra S, Alexander LV, Zwiers FW. 2013. Global increasing

trends in annual maximum daily precipitation. Journal of

Climate 26:3904–18.

Wigmosta MS, Vail LW, Lettenmaier DP. 1994. A distributed

hydrology-vegetation model for complex terrain. Water Re-

sources Research 30:1665–79.

Wohl E, Barros A, Brunsell N, Chappell NA, Coe MT, Giambel-

luca TW, Goldsmith S, Harmon R, Hendrickx JMH, Juvik JO

et al. 2012. The hydrology of the humid tropics. Nature Cli-

mate Change 2:655–62.

Yazaki K, Sano Y, Fujikawa S, Nakano T, Ishida A. 2010. Re-

sponse to dehydration and irrigation in invasive and native

saplings: osmotic adjustment versus leaf shedding. Tree

Physiology 30:597–607.

Zhang W, An S, Xu Z, Cui J, Xu Q. 2011. The impact of vege-

tation and soil on runoff regulation in headwater streams on

the east Qinghai-Tibet, China. Catena 87:182–9.

Zhou T, Zhang L, Li H. 2008. Changes in global land monsoon

area and total rainfall accumulation of the last half century.

Journal of Atmospheric Science 70:3–8.

Zimmerman N, Hughes RF, Cordell S, Hart P, Chang HK, Perez

D, Like RK, Ostertag R. 2008. Patterns of primary succession of

native and introduced plants in lowland wet forests in Eastern

Hawai‘i. Biotropica 40(3):277–84.

A. M. Strauch and others


	Modeled Effects of Climate Change and Plant Invasion on Watershed Function Across a Steep Tropical Rainfall Gradient
	ABSTRACT
	Introduction
	Methods
	Study Area
	Distributed Hydrology Soils Vegetation Model Development
	Model Calibration and Accuracy
	Model Scenarios
	Data Analysis

	Results
	Modeled Flow Across a Natural Climate Gradient
	Modeled Flow and Climate Warming Under Current Vegetation
	Modeled Flow and Altered Rainfall Under Current Vegetation
	Modeled Flow and Effects of P. cattleianum Invasion
	Combined Effects of P. cattleianum Invasion, Warming, and Rainfall Change

	Discussion
	Stream Flow Responses to Observed Changes in Mean Annual Rainfall
	Modeled Effects of Invasive Species Expansion on Stream Flow
	Combined Consequences of Climate and Species Invasion
	Difficulties with Modeling Stream Flow in Tropical Island Systems

	ACKNOWLEDGEMENTS
	References




