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Abstract

Pedogenic thresholds describe where soil properties or processes change in an abrupt/nonlinear 

fashion in response to small changes in environmental forcing. Contrastingly, soil process domains 

refer to the space between thresholds where soil properties are either unchanged, or change 

gradually, across a broad range of environmental forcing. Here, we test quantitatively for the 

presence of thresholds in patterns of soil properties across a climatic gradient on soils developed 

from ~20 ky old basaltic substrate on the Island of Hawai’i. From multiple soil properties, we 

quantitatively identified a threshold at ~750 mm/y of water balance (precipitation minus potential 

evapotranspiration), delineating the upper water balance boundary of soil fertility in these soils. 

From the threshold in the ratio of exchangeable Ca to total Ca we identified the lower water 

balance boundary of soil fertility in these soils at −1000 mm/y, however this threshold was 

qualitatively described as it lies near the limit of the climate gradient data where the statistical 

approach can not be applied. These two results represent the first time that pedogenic thresholds 

have been identified using statistically rigorous methods and the limitations of said methods, 

respectively. Comparing the 20 ky soils to soils that developed on basaltic substrates of 1.2 ky, 7.5 

ky, 150 ky, and 4100 ky in a time-climate matrix, we found that our quantitative analysis supports 

previous qualitatively identified thresholds in the soils developed from older substrates. We also 

identified the 20 ky as the transition from kinetic to supply limitation for plant nutrients in soil in 

this system.
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Introduction

Water facilitates chemical reactions in soil, and water flux drives many of the functional 

properties in soil by redistributing or removing ions (Chadwick and Chorover 2001). 

Consequently the amount and timing of water inputs and losses by evapotranspiration and/or 

leaching are important determinants of ecosystem properties (Jenny 1980).

Evaluations of soil properties along rainfall gradients demonstrate that soil properties change 

abruptly over small changes in water balance (Chadwick and Chorover 2001; Ewing and 

others 2006; Dixon and Chadwick 2016). Reactions that buffer soils are particularly 

important, and several distinct buffering systems dominate across the soil pH range—from 

the carbonate equilibria in high-pH soils to weathering and cation exchange at intermediate 

pH to aluminum (Al) in acid soils (Chadwick and Chorover 2001; Slessarev and others 

2016). When the capacity of one of these buffering systems is exceeded, a small change in 

water balance can cause an abrupt transition to a new set of chemical buffers. Abrupt 

transitions in soil properties along a gradient in environmental forcing are considered 

“pedogenic thresholds”, while the regions between thresholds where soil properties or 

processes change relatively little despite large differences in environmental forcing are 

termed “process domains” (Chadwick and Chorover 2001; Vitousek and Chadwick 2013). In 

addition to buffering, other processes such as redox dynamics and consequent iron (Fe) 

mobility can also create thresholds and domains (Miller and others 2001; Chacon and others 

2006; Vitousek and Chadwick 2013).

The physical geography of the Hawaiian Islands provides an excellent time-climate matrix 

in which it is possible to evaluate the role of water balance in determining changes in soil 

properties. The northeast trade winds impinging on different age volcanoes create 

orographic changes in rainfall and rain-shadows that produce strong rainfall gradients over 

short distances (Giambelluca and others 2013). Soil sampling along these rainfall gradients 

on young (<10 ky) and older (~150 ky and ~4100 ky) substrates have been instrumental in 

identifying soil process domains and pedogenic thresholds (Chadwick and others 2003; 

Vitousek and Chadwick 2013; Lincoln and others 2014). Combined, the results from these 

studies show that substrate age is an important determinant of the rainfall where thresholds 

occur. For example, although every Hawai’i climate transect shows a threshold in the 

availability of rock-derived nutrient cations and in pH, this threshold occurs at different 

levels of rainfall on the various substrates—moving to increasingly lower rainfall as 

substrate age increases. Additionally, the mechanism behind these thresholds appears to be 

different between the younger and older substrates. On young substrates the threshold is 

controlled by kinetic limitations on the rate of mineral weathering. Whereas on old 

substrates the threshold appears to be driven by limitations on the supply of nutrients due to 

the irreversible depletion of weatherable minerals in the soil. (Vitousek and Chadwick 2013; 

Lincoln and others 2014).

Building upon these previous studies, in this paper we evaluate the control water balance 

exerts on soil properties along a rainfall gradient on an intermediate age (~20 ky) substrate 

on Mauna Kea Volcano, Hawai’i. We then describe a climate-age matrix combining our data 

and data from previous work on climate gradients in Hawai’i (Vitousek 2004; Vitousek and 
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Chadwick 2013; Lincoln and others 2014) to investigate temporal shifts in thresholds and 

define the temporal transition from kinetic to supply limitation and how water balance 

controls the transition. To do this, we introduce a statistical approach to rigorously define 

meaningful nonlinear shifts in soil properties as a function of water balance. We use these 

statistically defined nonlinearities to identify pedogenic thresholds and soil process domains, 

adding quantitative analysis to the identification of pedogenic thresholds.

Methods

Hawai’i as a model system

Hawai’i provides an ideal setting to investigate questions of soil development: many of the 

factors that control soil development can either be held constant to a much greater extent 

than in continental settings (parent material chemistry, topography, and biological diversity) 

or vary in generally well defined and understood ways (climate and parent material age) 

(Jenny 1941; Chadwick and others 2003; Vitousek 2004; Vitousek and Chadwick 2013).

Soils in Hawai’i are derived from basaltic parent material from the hotspot volcanism that 

formed the islands, and consequently the chemical composition of parent material has lower 

variability than continental settings (Wolfe and others 1997; Duncan and others 1991). 

Additionally, constructional surfaces of the shield volcanoes support little topographic 

variation, and remnants of the constructional surfaces can be found even on the oldest 

islands (Vitousek 2004; Vitousek and Chadwick 2013). The biological diversity of the 

Hawaiian Archipelago is also much more constrained than in continental settings—due to 

the archipelagos extreme geographic isolation that makes species dispersal difficult 

(Vitousek 2004).

The climate in Hawai’i is primarily controlled by the topography of the islands. Rainfall is 

driven primarily by the interaction between island topography and the Northeast trade winds, 

while temperature varies predictably with elevation (Giambelluca 2013). Because of the 

topographic controls on climate, continuous gradients for both rainfall and temperature exist 

on all the islands. While the climate factors follow topographic patterns, lava flow and ash 

deposit (parent material) ages are well constrained, and vary nearly continuously from recent 

deposits to nearly 5 million years from southeast to northwest across the archipelago 

(Duncan and others 1991). In this way, parent material age can be held constant or varied by 

sampling soils derived from the same eruptive event or from different eruptive events, 

respectively (Wolfe and others 1997).

Site description

We collected soil samples along a transect across a precipitation gradient on the windward 

side of Mauna Kea on the Island of Hawai’i. Mean annual precipitation (MAP) varies from 

~450 to ~5200 mm; mean annual temperature from ~6 to ~15 °C, and elevation from ~3520 

to ~1220 m, with a negative relationship between both climate variables (precipitation and 

temperature) and elevation (Figure 1) (Giambelluca and others 2013).

In this paper, soil properties are displayed as a function of water balance—precipitation 

minus potential evapotranspiration (PET)—rather than rainfall. We used water balance 
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because it more accurately describes the amount of water moving through the soil column, 

and thus affecting soil development. While rainfall measures the input of water into the 

system, it fails to capture gaseous losses (evapotranspiration). We used Priestley-Taylor PET 

as modeled by Giambelluca and others (2014), as it has been shown to accurately estimate 

PET across a broad range of temperatures and vegetation types (Stannard 1993; Sumner and 

Jacobs 2005). On the Mauna Kea gradient, PET ranges between ~1380 and ~1880 mm/y 

(Figure 1), and is positively correlated with elevation except for a break at ~1800 m that 

roughly aligns with the average height of the trade wind inversion (~1700 – 1900 m) (Ward 

and Galewsky 2014).

The soils we sampled developed on basaltic hawaiite and mugearite lava flows with thick 

ash layers overlaying these flows. The ages of this depositional sequence are between 65 and 

14 ky (Wolfe and Morris 1996). As the soil sampled developed on top of the depositional 

sequence that occurred during this time period, and largely ended by 14 ky ago, we use a 

parent material age of 20 ky as a compromise between the 14 ky end date and the fact that 

not all areas of the mountain were likely covered by the youngest eruptions.

At low elevations along the transect, plant communities are dominated by a mix of bogs, 

patches dominated by the mat-forming fern Dicranopteris linearis, and scrub forest 

dominated by the native tree ‘Ōhi’a (Metrosideros polymorpha). At slightly higher elevation, 

plant composition transitions to a forest ecosystem dominated by Koa (Acacia koa) and 

‘Ōhi’a (Mueller-Dombois 1987; Kraus 2012). This native forest gives way to introduced 

Eurasian pasture grasses between 1600 and 1800 m elevation. Māmane (Sophora 
chrysophylla) savannah is the dominant high elevation ecosystem, extending from ~2150 m 

up to the tree line at ~3050 m (Juvik and Juvik 1984). Between tree line and ~3320 m 

vegetation is sparse, but Pūkiawe (Styphelia tameiameiae) occurs in these sites. Above 

~3320 m to the end of our gradient at ~3520 m, sampling sites lacked vascular plants.

Soil Sampling and Analysis

Across the transect we collected depth-integrated surface soil samples every 250 m (n = 97). 

For each of these samples we removed any litter or O horizon material. We then collected 

and homogenized the top 30 cm of mineral soil. We also described and sampled soils in 8 

soil pits, dug to either a depth of >1 m or an impenetrable layer, at intervals of 1.5 – 2 km 

across the gradient (~300 m of elevation change). For each soil pit, we described the soil 

profile and collected samples from each horizon. To control for variations in relief, both 

types of samples were collected in the center of topographic high points to minimize the 

amount of erosional additions or losses associated with slopes and topographic low points. 

Soil classifications ranged from Xeric Vitricryands (unweathered to poorly weathered ash 

deposits) in the driest sites to Terric Haplohemists (high in organic matter at the surface 

transitioning to mineral soil at depth) in the wettest sites, and are presented in table 1.

Once collected, we sieved all samples to 2 mm, separated them into four homogenous 

subsamples, and then air-dried them. One subsample was weighed, oven dried, and 

reweighed to calculate water content; the second was analyzed for resin extractable 

phosphorus (P), exchangeable Al, acid ammonium oxalate Fe and Al, total carbon (C), and 

total nitrogen (N) at Stanford University. We determined resin P by the anion exchange 
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method described by Kuo (1996), using a WestCo SmartChem 200 discrete analyzer for the 

analyses. For exchangeable Al we used the 0.1 M BaCl2 method. For C and N, we used a 

Carlo Erba NA 1500 analyzer. To determine if carbonates were present, a subsample of soil 

from sites with pH >6 was acid washed and reanalyzed for total C. No sites had detectable 

differences in total C between untreated and acid treated soils, so we assume that total C 

equals organic C for these soils. The third subsample was analyzed for pH, cation exchange 

capacity (CEC), base saturation, and exchangeable cations (calcium (Ca), potassium (K), 

sodium (Na), and magnesium (Mg)) at the University of California Santa Barbara using 

standard methods described in Chadwick and others (2003). The fourth subsample was sent 

to ALS Chemex (Reno, NV, USA) and analyzed for the total concentrations of 10 elements 

(Si, Al, Fe, Ca, Mg, Na, K, P, Ti, and Nb) via lithium borate fusion followed by x-ray 

fluorescence spectrometry.

Percent Remaining Calculation

Gains and losses of elements can be obscured by dilation or collapse of the soil volume 

(Brimhall and Dietrich 1987). To correct for these changes, we report elemental data as 

percent remaining relative to parent material using a minimally mobile index element and 

the equation (Kurtz and others 2000):

Er =  
CE, s/CI, s
CE, p/CI, p

× 100

Where C represents the concentration of an element, E is the element of interest, and I is the 

index element (Niobium (Nb) in this case). The subscripts r, s, and p refer to percent 

remaining, the soil, and the parent material, respectively. Kurtz and others (2000) 

demonstrated that Nb (along with Ta) is the least mobile element in Hawaiian soils. Other 

studies have used Ti as an immobile reference element (Bullen and Chadwick 2016), and 

where Nb concentrations were below the detection limit we use Ti as the immobile reference 

element. We also tested the Ti/Nb approach described by Bullen and Chadwick (2016), and 

found no difference between estimates of gains and losses calculated using Ti and Nb for all 

elements except Fe. The calculation of Fe remaining is discussed below.

For parent material chemistry, we collected rock samples for chemical analyses—3 tephra 

samples from the two driest sites; 5 rock samples from a quarry located at ~1800 m 

(19.834N, 155.339W); and a gravel sample from the boundary between the bedrock and soil 

at the quarry site. Given the high rainfall, advanced state of weathering, and thick 

weathering profiles found in the wet sites, we were unable to collect unweathered parent 

material samples near the wet extreme of the gradient. Prior to analysis, weathering rinds 

were removed from the rocks, minimizing the impacts of chemical weathering on our 

estimates. Mauna Kea has experienced multiple eruptions and ash deposition events, and 

consequently it is possible that some parent material samples are from different events; 

however they are all derived from the final alkalic stage of Mauna Kea eruptions, and thus 

should share a similar chemistry (Wolfe and Morris 1996). The elemental data for the parent 

material are reported in table 2.
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To evaluate homogeneity of the parent material samples, we tested how correlated the 

samples chemical composition were using the Pearson correlation method. We assumed that 

two parent material samples are from the same parent material if they have a correlation 

coefficient >0.9 (Christopher Oze personal communication). While there was variation 

among the samples, all comparisons between samples had correlation coefficients of 0.99 or 

greater, indicating that the unweathered materials we sampled came from the same source. 

Additionally, as these samples are from the same stage of volcanism as the ash depositions, 

their chemistry should be comparable to that of the ash and thus representative of parent 

material values.

It is possible that our parent material samples did not represent the ash parent material’s 

chemistry, and thus would be unsuitable for the study even though they came from the same 

alkalic stage of volcanism. To test the suitability of the parent material selection and percent 

remaining calculations further, we used the methods described in Bullen and Chadwick 

(2016) as a secondary check. This method relies on the systematic relationships between 

Ti/Nb and the ratio of elements of interest to Nb in the parent material (i.e. CE,p/CI,p). This 

allowed us to test if our percent remaining calculations are sensitive to the parent material 

we chose.

As both Ti and Nb are considered immobile elements in soil, the ratio of Ti to Nb in the soil 

should be comparable to the ratio in said soil’s parent material. Thus, we were able to 

combine our known Ti to Nb ratios with previously collected data on Mauna Kea parent 

material geochemistry and identify chemistries of theoretical parent materials for each soil. 

From the previously collected parent material data from across Mauna Kea, in combination 

with parent material data we collected, we created linear models between Ti/Nb and CE,p/

NbI,p. We found strong relationships (p < 0.001 and R2 > 0.85) between parent material 

Ti:Nb and Fe:Nb, Ca:Nb, and Mg:Nb. From these relationships, we calculated CE,p/CI,p for 

each soil sample we collected (for the elements Fe, Ca, and Mg), and subsequently a percent 

remaining for the applicable elements.

For all elements except Fe, we found no differences when comparing percent remaining 

calculated using the two methods. Consequently, for our study we presented the % 

remaining relative to parent material results using the collected parent material samples and 

not the Bullen and Chadwick (2016) method.

For Fe, based on the depth-distribution of calculated Fe for the full soil profiles we 

concluded that the Ti:Nb approach represents the more reasonable baseline for Fe dynamic 

here. Thus, we reported Ti:Nb calculated Fe percent remaining. For all other elemental 

comparisons we reported the percent remaining based on our collected parent material 

samples.

Statistical analyses

All statistical analyses were done using R (v3.0) or Microsoft Excel. We used segmented 

linear regressions (“Segmented” R package) to determine the existence and location of 

breakpoints in the patterns of different soil properties across the gradient (Muggeo 2003). 

For the breakpoint analysis the null hypothesis is that there are no breakpoints. As such, the 
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analysis was first run blind without setting the number of potential breakpoints. If a 

breakpoint was found, we then tested to see if additional breakpoints improved the fit or not.

When breakpoints were identified, the significance of the nonlinearity in the regression was 

tested using the Davies’ Test (Davies 2002). We also report 95% confidence intervals for any 

breakpoints. Breakpoints are mathematically identifiable nonlinear patterns in a soil 

property, of which pedogenic thresholds are a subset. Our identification of pedogenic 

thresholds is based off of the interpretation of the statistically defined breakpoints.

Breakpoints represent locations that could either be pedogenic thresholds, or shifts in the 

relative strength of environmental factors. The pattern of resin P in Hawi soils illustrates this 

distinction; Vitousek and Chadwick (2013) report a peak in resin P at ~1200 mm/y MAP and 

a threshold at 2100 mm/y MAP. Both the peak and the threshold are identifiable breakpoints 

using segmented regression. However, the breakpoint at 2100 mm/y is a pedogenic threshold 

that represents the rainfall above which most rock-derived elements are depleted and there is 

no longer an enrichment of surface soils from deeper in the soil column via biological uplift 

(Jobbagy and Jackson 2004). In contrast, the peak at 1200 mm/y represents a breakpoint 

within a process domain; approaching this breakpoint from below, biological uplift is 

increasingly important in shaping surface soil P, while above it leaching increases in 

importance with increasing rainfall. However, the influence of biological uplift shapes soil 

properties on both flanks of the peak.

We used circular binary segmentation (“PSCBS” R package) to develop a breakpoint model 

of Ti:Nb across the rainfall gradient to identify potential parent material mixing (Olshen and 

others 2004). Circular binary segmentation is a statistical method first developed in 

genomics for identification of alterations to chromosomes, and works by splitting the data 

into two populations then testing for statistical differences between the population means. 

For the circular binary segmentations, a breakpoint is identified where a data split results in 

significant difference between the means on each side of the split. For our study, we used a 

significance level of 0.05.

For soil properties with heteroskedastic responses (Ti, total Fe, total P, and soil pH), we 

performed bootstrapped random sampling with replacement for calculating the segmented 

regressions and threshold bounds. The bootstrapped sample size was equal to the actual 

sample population size (n = 97) and the bootstrapped sampling was run 500 times for a 

given analysis. When bootstrap sampling was done, the threshold and confidence interval 

reported are the bootstrap means and are indicated by the subscript Bootstrap.

Age comparison

To put the Mauna Kea gradient in context, we compare the dynamics of two important plant 

nutrients, Ca and P (total concentrations, percent remaining, and labile pools) along 5 

climate gradients in Hawai’i that differ in substrate age, though are similar in parent material 

chemistry. Two of these gradients are on relatively young lava flows (1.2 and 7.5 ky) in the 

Kona District of Hawai’i Island (Lincoln and others, 2014); both cover much narrower water 

balance ranges (<1500 mm/y) than the other gradients. The Mauna Kea gradient was the 

next youngest on 20 ky substrate, followed by the Hawi gradient on 150 ky substrate and the 
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Kauai gradient on 4100 ky substrate (Vitousek and Chadwick 2013). We used segmented 

linear regression analyses for each of the gradients to identify how pedogenic thresholds and 

process domains have shifted along these gradients as a function of substrate age (see Table 

3 for thresholds and Table 4 for peaks). The relatively narrow climate ranges covered by the 

two Kona gradients precluded meaningful outcomes for many of the segmented analyses 

though we were still able to draw insights from the overall trends.

Results

We present patterns in a suite of soil properties from the 30 cm surface samples as a function 

of water balance.

Concentrations of Ti are negatively correlated with water balance below a water surplus of 

210Bootstrap ± 380 mm/y, and above that breakpoint they are positively correlated with water 

balance and become increasingly variable (Figure 2a). The pattern in Nb concentrations is 

qualitatively similar to that of Ti—negative in sites with water deficits and positive in sites 

with water surpluses (Figure 2a). However, Nb has no statistically significant breakpoint in 

its relationship with water balance. This is likely due to the high variability in Nb 

concentrations in the wetter sites. These patterns reflect increasing OM and hydration of soil 

minerals in progressively wetter sites (drier than the breakpoint), and progressively greater 

losses of mobile elements in wetter sites (Chadwick and others 2003).

Soil Ti:Nb is not correlated with water balance, though it is significantly different in soils 

where water balance is <1190 mm/y (mean Ti:Nb = 290 ± 6) compared to soils where water 

balance is >1190 mm/y (mean Ti:Nb = 398 ± 39) (Figure 2b). The change in Ti:Nb implies 

an admixture of the parent material samples we collected from the high elevation dry sites 

with another source possessing a higher Ti:Nb. One possible source is volcanic ash from 

nearby Laupahoehoe age (65 – 4 kya) eruptions with mean Ti:Nb of 840 ± 80.

In combination, Si, Fe, and Al make up an average of 40.3% ± 0.2 of parent material (on a 

mass basis), with Si composing 22% ± 0.5 (Table 2). Across Mauna Kea, total Si (Figure 3a) 

and Si remaining (Figure 3b) are negatively correlated with water balance. Total Si and Si 

remaining have statistically indistinguishable breakpoints at water surpluses of 990 ± 200 

mm/y and 1000 ± 280 mm/y, respectively, below which both decline sharply with increases 

in water balance. Above the breakpoints, the relationships are still negative, but significantly 

shallower.

For Al (Figure 3a,b), total Al is negatively correlated with water balance (P < 0.0001), and 

there are no breakpoints across the gradient. The pattern is similar for Al remaining, 

although the slope of the relationship is steeper.

In contrast to Si and Al, Fe makes up a greater proportion of the soil as water balance 

increases (Figure 3a). In sites with water deficits greater than −80Bootstrap ± 450 mm/y there 

is little variability in total Fe. Wetter than this breakpoint, total Fe is positively correlated 

with water balance. Fe remaining (Figure 3b) shows little deviation from 100% suggesting 

that there has been little Fe mobilization regardless of leaching power or redox processes 

that might be operative at higher water balances.

Bateman et al. Page 8

Ecosystems. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For the base cation data, only figures of Ca and Mg are presented in text; K and Na are in 

Figure 1 of the supplemental material. The total quantities of the base cations Ca, Mg, K, 

and Na decline rapidly within the upper 30 cm as water balance increases (Figure 4a). For 

all the base cations, there is a breakpoint where the steep decline transitions to a shallower 

decline with increasing water balance. Total Ca, K, and Na have statistically 

indistinguishable breakpoints, 780 ± 180, 630 ± 210, and 680 ± 190 mm/y, respectively. 

Total Mg has a significantly drier breakpoint at 30 ± 180 mm/y. The percent remaining for 

the base cations follow similar patterns as their total concentration (Figure 4b), with Mg, 240 

± 340 mm/y, having a drier breakpoint than Ca, K, and Na: 800 ± 200, 650 ± 230, and 720 ± 

200 mm/y, respectively, though only the Mg and Ca breakpoints are significantly different.

While the total pools of base cations are negatively correlated with water balance in these 

sites, the exchangeable pools are much more dynamic (Figure 4c). The most abundant 

exchangeable cation, Ca, is positively correlated with water balance to a peak (breakpoint) in 

soils with water deficits of −480 ± 220 mm/y and then declines to low values that persist into 

the wettest sites above water surpluses of 760 ± 470 mm/y. The pattern in exchangeable K is 

the same as that of exchangeable Ca, and exchangeable K’s two breakpoints, at −260 ± 250 

and 680 ± 600 mm/y are statistically indistinguishable from Ca’s (Supplemental Figure 1). 

While Ca and K have two breakpoints, exchangeable Mg only has one at −498 ± 392 mm/y, 

not significantly different from the drier breakpoint of Ca and K. Below the breakpoint 

exchangeable Mg is positively correlated with water balance and above it is negatively 

correlated. Unlike the other exchangeable cations, Na does not vary significantly with water 

balance.

In the driest portion of the gradient, C and N concentrations are less than 1% and 0.1% 

respectively. Both C and N are positively correlated with water balance in sites drier than the 

breakpoints of 720 ± 300 and 550 ± 300 mm/y, for C and N respectively. In sites wetter than 

the respective breakpoint, C is uncorrelated with water balance and N is negatively 

correlated (Figure 5a). At the peak, C and N represent ~30% and 1% of dry soil mass. The 

soil C:N is positively correlated with water balance across the gradient, though there is a 

breakpoint at −1010 ± 170 mm/y (Figure 5b).

Across the gradient total P is between 5 and 1.5 g/kg, and there are two breakpoints in its 

relationship to water balance: 690Bootstrap ± 240 mm/y and 1810Bootstrap ± 450 mm/y (Figure 

6a). Between the two breakpoints, total P is negatively correlated with water balance. 

Contrastingly in sites drier than the dry breakpoint and wetter than the wet breakpoint, there 

is no relationship between total P and water balance. Both C:P and N:P are positively 

correlated with water balance, without a breakpoint (Figure 5b).

Labile (resin extractable) P concentrations are low across Mauna Kea (Figure 6b), even 

though more than half of the sites had >50% P remaining. Most sites (77%) have <1.0 

mgP/kg soil in the upper 30 cm of soil. The remaining sites have resin P values below 5.5 

mgP/kg soil, and we found no correlation between water balance and resin P.

Soil pH is negatively correlated with water balance with a breakpoint at 940Bootstrap ± 610 

mm/y (Figure 7a). In sites wetter than the breakpoint, the relationship is still negative, but 
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significantly shallower (p < 0.001). In sites drier than the breakpoint, pH decreases from 

~6.5 to ~4.5, and above the breakpoint pH continues to decrease to ~4.0.

For exchangeable Al, sites with a water deficit have less than 0.5 cmol(+)/kg (Figure 7b). 

Qualitatively, once there is surplus water in the system, exchangeable Al increases to a 

plateau at 500 mm/y. This plateau persists until a statistically significant breakpoint at 1500 

± 460 mm/y, and in sites wetter than this breakpoint exchangeable Al increases rapidly with 

increasing water balance.

The cation exchange capacity (CEC) of soils is positively correlated with water balance up 

to a water surplus of 1300 ± 310 mm/y, and is negatively correlated above that breakpoint 

(Figure 7c). OM provides many of the exchange sites in these acidic soils, and therefore 

CEC is also positively correlated with soil C, though the relationship becomes weaker as %C 

increases. With high CEC and low base cation content of the soils on Mauna Kea, base 

saturation is low over most of the gradient (Figure 7c), with a peak value (breakpoint) of 

35% at −480 ± 230 mm/y, and another breakpoint at 680 ± 360 mm/y. These breakpoints 

correspond to the breakpoints in exchangeable Ca and K.

Age Comparison

While thresholds and peaks are interpretations of the statistical breakpoints, for the age 

comparison results we use the terminology of thresholds and peaks. This is because the 

interpretation of what is a threshold was done in the previous studies, and our work here is 

applying a quantitative analysis for the locations of the peaks and thresholds.

For all Ca forms, Mauna Kea, Hawi, and Kauai have thresholds, above which the given form 

is very low in the soils (Table 3). Both the Mauna Kea and Hawi thresholds are in 

significantly (p < 0.05) wetter sites than the Kauai thresholds. The Mauna Kea thresholds are 

also in wetter sites than the Hawi thresholds, though only the threshold in Ca remaining is 

significantly different (p < 0.05). Given the short range of water balances covered by the 

Kona gradients, it is possible the gradients do not extend into the water balance where the 

threshold would exist.

Across all the gradients, except Kauai, Ca forms (exchangeable, total concentration, and 

percent remaining), have elevated levels in sites with water balance between −1000 and 0 

(Supplementary Figure 2). The 7.5 ky Kona, Mauna Kea, and Hawi gradients have peaks in 

exchangeable Ca, and the 1.2 ky Kona and Hawi gradients have peaks in Ca remaining 

(Table 4). Unlike the thresholds in Ca, the breakpoints that represent peaks in Ca forms are 

not significantly different; though in all cases the Hawi peaks are in qualitatively wetter sites 

than the Kona and Mauna Kea peaks.

For total P, only Mauna Kea has a threshold in the relationship. This is possibly due to the 

Mauna Kea gradient extending into much wetter sites than other gradients (Supplementary 

Figure 3). Kauai and Hawi have thresholds in both P remaining and resin P (Table 3), and 

they are significantly (p < 0.05) wetter on the Hawi gradient.

The Hawi gradient has peaks in all forms of P, while peaks exist in total P and P remaining 

on Mauna Kea, and the 1.2 ky Kona gradient has a peak in resin P (Table 4). In cases where 
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peaks are present, the Mauna Kea peaks are significantly (p < 0.05) wetter than the 

corresponding Hawi peak, and the 1.2 ky Kona peak in resin P is qualitatively wetter than 

the Hawi peak.

Discussion

Delineation of Soil Process domains

A cluster of breakpoints around 750 mm/y represents the threshold between soil process 

domains found on Mauna Kea. This threshold is the water balance at which the surface soils 

have been largely depleted of Si and base cations, and transition to very low (<5%) base 

saturation. In sites wetter than this threshold mobile elements, such as Si, Ca, and Mg, are 

nearly exhausted from the surface soils. It is also where soil N and P begin to decline in the 

surface soils. This cluster of thresholds represents the upper-bound (in terms of water 

balance) where biological uplift can maintain surface soils enriched with plant important 

nutrients on Mauna Kea and the exhaustion of primary minerals as a source for these 

nutrients in the soil matrix.

Wetter than the 750 mm/y threshold cluster is a soil domain of surface soils leached of base 

cations and Si. In this domain, we see the transition to soils where the supply of plant 

nutrients is limited by the depletion of weatherable primary minerals, inferred from the 

depletion of Si % remaining. The surface soils are predominantly composed of Fe, Al, and 

OM, while the pH buffering system has transitioned from weathering and the exchange of 

base cations and Al to a buffering system based on Al’s ability to hydrolyze water 

(Chadwick and Chorover 2001). Though Al secondary solid phases likely make up a 

substantial portion of soils in these sites, Al’s active role in the pH buffering system and the 

high leaching pressure in these sites results in Al mobilization and leaching losses from the 

surface 30 cm in these soils. Within this domain percent remaining of Al drops from >50% 

to <20%.

Drier than the 750 mm/y cluster is a soil domain where surface soils are enriched with rock 

derived nutrients, and buffered by mineral weathering and base cations. In this soil domain, 

N accumulates, and P is retained (and some sites show signs of biotic enrichment of P over 

100% retention in surface soil). On Mauna Kea, this is the rainfall zone where biological 

uplift influences soil profiles, and there are sufficient water inputs to support mineral 

weathering and plant growth, but not enough water for leaching to deplete the surface soils 

over the ~20 ky of soil development. Dust inputs into the system are likely, however 

previous work found that dust provides minimal P and base cations to soils developing on 

substrate of this age (Chadwick and others 1999). In this domain, there are peaks in 

exchangeable Ca, K, and Mg, as well as base saturation that cluster around −400 mm/y of 

water balance and are statistically distinct from the thresholds that cluster around 750 mm/y. 

Unlike the other base cations, Na is a plant micronutrient, while Ca, Mg, and K are plant 

macronutrients. Consequently, the peak in exchangeable Ca, K, and Mg is missing from 

exchangeable Na, as the effects of biological uplift are not evident for Na (Jobbagy and 

Jackson 2001; Jobbagy and Jackson 2004). The cluster of peaks at −400 mm/y is where 

biological uplift has its greatest influence on Mauna Kea. It is also the point where the soils 

transition from ustic to udic conditions.
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Sites in the driest portion of the <750 mm/y domain lack substantial plant cover, and 

consequently have little OM accumulation. Kramer and Chadwick (2016) showed that in 

similar sites weathering and secondary mineral development provided the means for C 

storage, but a lack of C inputs and water limitations prevented the OM accumulation 

normally associated with early stages of ecosystem development.

The soils in the driest portion of the <750 mm/y domain are similar to soils from the Kona 

gradients in that nutrient supplies are kinetically limited by the weathering of parent material 

rather than an absolute depletion of a given element in the soil column. The kinetic 

limitation on cation inputs results in low concentrations of base cations on exchange sites 

but high total concentrations and percent remaining relative to parent material.

The kinetic limitation on cation inputs is illustrated by the percentage of total Ca in the 

exchangeable pool (Figure 8). In sites with water balances less than −1000 mm/y 

exchangeable Ca represents <2% of total Ca, and then increases sharply in wetter sites to 

>10% of total Ca. The low percentage of total Ca in the exchangeable pool, combined with 

high Ca remaining in these very dry sites (Figure 4b), indicates that there are substantial 

amounts of Ca in the soil, but little has moved into the exchangeable pool. Moreover, the Ca 

that does move into the exchangeable pool is lost from the surface soils. Unfortunately, the 

statistical methods we applied to these data do not allow us to segregate this portion of the 

gradient from the broader <750 mm/y domain.

Effect of Temperature-Rainfall Covariance

For other rainfall gradients that have been evaluated in Hawai’i, the climate goes from hot 

and dry to cool and wet (Vitousek and Chadwick 2013; Lincoln and others 2014). In 

contrast, the Mauna Kea gradient goes from cold and dry to warm and wet. For all the 

gradients, the highest calculated annual PET occurs in the lowest-rainfall sites; on other 

gradients this pattern is due to high temperature and low humidity in dry sites, while on 

Mauna Kea it is due to very dry air above the trade wind inversion. However, the cold dry 

sites on Mauna Kea have winter rains, lack vegetation, and have coarse textured soil (see 

Table 1). Consequently, pulsed rainfall or snow melt events are more likely to lead to 

leaching losses of water and nutrients on dry sites on Mauna Kea even though PET far 

exceeds MAP on an annual basis.

Pulsed rainfall events combined with a lack of vegetation likely explain the more acidic soils 

in dry sites of Mauna Kea in comparison to dry sites in Kona and on the Hawi gradient. As 

any Ca, Mg, K, and Na weathered from parent material are leached out of even the driest 

sites (and because CO2 concentrations are low in pore water due to the absence of plants), 

conditions on Mauna Kea are not conducive for the production of pedogenic carbonates even 

in the driest sites (Kraimer and others 2005; Breecker and others 2009). By contrast, 

pedogenic carbonates are found in the vegetated dry sites on Hawi substrates receiving <700 

mm/yr MAP (Vitousek and Chadwick 2013).

Age comparison

From the thresholds in the rock-derived, plant-important nutrients Ca and P we delineated 

pedogenic thresholds and soil process domains for the three oldest of the five climate 
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gradients (Figure 9). The mineral depletion thresholds are based on the statistically defined 

breakpoints, and for the Hawi and Kauai gradients they are consistent with previous work 

identifying climate driven pedogenic thresholds and domains on these gradients with 

qualitative methods (Vitousek and Chadwick 2013).

The thresholds in the lower limit of water balance where biological uplift is detectable on 

the Mauna Kea and Hawi gradients are based on qualitative interpretation of the data due to 

limitations of our statistical approach. At the boundary of the data there is insufficient data 

on the boundary side of the breakpoint to produce a linear regression for comparison in the 

breakpoint analysis.

Given the relatively narrow climate ranges covered by the two Kona gradients we were 

unable to identify thresholds using segmented analyses. However, based on the peaks in Ca 

and P forms in these two gradients (Table 4) we believe that the Kona climate gradients 

cover the mineral weathering and biological uplift domain.

The Kauai thresholds occur at significantly lower water balances than those on the other 

gradients (Table 3), and in general Kauai soils are the most depleted in Ca and P 

(Supplementary Figures 2 and 3) for a given water balance. This follows a logical 

conceptual model, as Kauai is the gradient with the oldest substrate the soils have 

experienced the greatest total volume of water passing through them among our study sites 

(Hotchkiss and others 2000). This results in greater translocation of soil nutrients and thus 

the most depleted soils among our study sites.

While the Kauai thresholds are significantly drier, the large errors on the threshold estimates 

on the Mauna Kea and Hawi gradients mean they are statistically indistinguishable (Table 3), 

except for the threshold in Ca remaining. Qualitatively all the Mauna Kea thresholds occur 

in sites with more positive water balances than those on Hawi substrates, as would be 

expected for soils developing from younger substrate.

In addition to thresholds located in significantly drier regions, Kauai has a soil process 

domain in sites with water balances >880 mm/y that is delineated by a threshold of low 

redox potential and defined by soils with high C:N and the mobilization of Fe from the 

surface 30 cm. We, like Vitousek and Chadwick (2013), used the ratio of total Al to total Fe 

to identify this threshold and domain. Neither the Hawi nor the Mauna Kea gradient contains 

this domain, indicating that a considerable length of time is needed for this domain to 

develop.

Where the Kauai gradient contains a wetter threshold and domain, both Mauna Kea and 

Hawi have domains at the dry end of each gradient delineated by thresholds based on the 

driest point of detectable biological uplift. While these dry domains are both characterized 

by low concentrations of biologically available Ca and P, different soil processes dominate 

each domain: wind erosion on the Hawi gradient (Vitousek and Chadwick 2013) and kinetic 

limitations on mineral weathering on the Mauna Kea gradient. The difference in the 

dominant soil process is likely due to a lack of vegetation in the domain on Mauna Kea. 

Soils in the Hawi domain are depleted in all forms of Ca, which is consistent with wind 

erosion losses that erased the imprint of previous enrichment from biological uplift 

Bateman et al. Page 13

Ecosystems. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Vitousek and Chadwick 2013). In contrast, the Mauna Kea soils are only low in 

exchangeable Ca, indicating that there has been no weathering or uplift in the soil.

As with the thresholds, when present, the position of the peaks in soil properties on Mauna 

Kea, Hawi, and the Kona gradients (though not the magnitude of enrichment in element 

pools) are not significantly different, save for the peaks in total P. However, the peaks in Ca 

remaining, exchangeable Ca, and Resin P occurred in qualitatively drier locations on the 

Kona gradients than the Hawi gradient. This shift is likely driven by the difference in parent 

material texture: soils on the Kona gradient are derived from coarse a’a lava flows compared 

to ash deposits on the Hawi gradient (Vitousek and Chadwick 2013; Lincoln and others 

2014). In the coarse a’a material, elements that are released from the parent material due to 

weathering are easily lost from the system with rainfall due to a lack of adsorption sites and 

water holding materials. Our results support Lincoln and others’ (2014) conclusion that the 

depletion of rock-derived nutrients is shifted to drier sites on the Kona gradients than would 

be expected from the parent materials age.

A caveat to these comparisons is the accuracy of the rainfall and PET models on which we 

base our water balance values. Different models varied in their predictions of rainfall and 

PET values in some parts of Hawai’i (Giambelluca and others 1986; 2013). Additionally, 

Marshall and others (2017) found differences between modeled rainfall averages and 

measured averages (using years 1990 – 2007) on the leeward side of Kohala. As such, intra-

gradient comparisons may be hampered by the limitations of the data sources we used.

For water balances between approximately −1000 and 0 mm/y, the magnitude of enrichment 

in Ca and P on the Hawi and Kona gradients is much greater than the enrichment seen on 

Mauna Kea. We see this in all P forms, in exchangeable Ca, and to a lesser extent Ca 

remaining. The pattern implies that this region of Mauna Kea experiences greater losses than 

the other gradients, or Hawi and Kona receive greater inputs of Ca and P to surface soils 

than Mauna Kea. In this region of the Mauna Kea gradient it is unlikely that pulse losses 

play a disproportionate role in leaching elements as sites in this region are vegetated, and 

both rainfall and transpiration are well distributed throughout the year (Giambelluca and 

others 2013; Giambelluca and others 2014).

Potential inputs include differences in biological uplift, or marine-aerosol-derived inputs for 

Ca. We can eliminate ocean inputs, as we found no increase in Na concentrations in the 

Hawi and Kona soils that would also result from ocean inputs. However, it is possible that 

differences in biological uplift, driven by temperature, play a role. The Mauna Kea sites in 

this rainfall zone are ~700m above comparable Hawi sites, and the highest Kona sites, with 

mean annual temperature ranging between 6–9°C cooler than Hawi sites. Because 

temperature affects the productivity of plants (Churkina and Running 1998; Gough and 

others 2008), lower temperatures could lead to lower primary productivity and consequently 

lower rates of biological uplift.
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Conclusions

We identified two distinct clusters of breakpoints in soil properties (−400 and 750mm/yr of 

water balance). These breakpoints mark the peak in biological uplifts influence on surface 

soils and the upper bound (in water balance) of high soil fertility; the latter represents a 

widespread pedogenic threshold. Qualitatively we identify another possible threshold at 

−1000 mm/y that corresponds to the lower limit in water balance for the detection of 

biological uplift.

We also found evidence to support the belief that this age substrate contains the transition 

from kinetic to supply limitation on soil development, with the driest portion of the gradient 

likely limited by kinetic processes, and the wettest portion of the gradient controlled by the 

irreversible depletion of weatherable materials.

Across the climate-age matrix of the Hawaiian rainfall gradients, we identified statistically 

significant breakpoints in all gradients, and significant thresholds in the three oldest 

gradients (Kauai, Hawi, and Mauna Kea). Our results corroborate the conclusions of Lincoln 

and others (2014) that soil properties were shifted to drier positions on the coarse-grained 

Kona gradients. While we expected the fine-grained soils of Mauna Kea to have peaks and 

thresholds that were significantly wetter than Hawi, we found that the estimates were 

statistically indistinguishable—though all the thresholds and all peaks, save for the peak in 

%P remaining, are qualitative wetter on the Mauna Kea gradient than the Hawi gradient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Manuscript Highlights

– We explore the climatic controls on soil biogeochemistry with novel 

statistical methods.

– We found evidence for two thresholds in the dominant soil processes.

– The location of these thresholds is dependent on the age of the soil’s parent 

material.
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Figure 1. 
Climate variables across Mauna Kea. Mean annual precipitation (MAP) (filled blue circles), 

Priestley-Taylor potential evapotranspiration (PET) (open black circles), MAP-PET (that is, 

water balance; open blue circles), and mean annual air temperature (filled red circles).
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Figure 2. 
Ti and Nb in the surface 30 cm of soil on Mauna Kea substrate. A) Immobile element 

concentrations, Nb (red) and Ti (black), in soils. Solid vertical lines indicate the best 

estimate of the threshold in a given element calculated by segmented linear regression, 

whereas the dashed lines indicate the 95% confidence interval of the estimate. B) Ratio of 

Ti:Nb in 30 cm samples in soils on Mauna Kea. The horizontal red line is the average Ti:Nb 

for each region.
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Figure 3. 
Si (black), Al (blue), and Fe (red) in the surface 30 cm of soil on Mauna Kea substrate; A) 
concentrations and B) percent remaining. Solid vertical lines indicate the best estimate of the 

threshold in a given element, whereas the dashed lines indicate the 95% confidence interval 

of the estimate (black for Si and red for Fe). Horizontal dashed line indicates 100% of the 

element remaining.
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Figure 4. 
Divalent base cations in the surface 30 cm of soil on Mauna Kea substrate. A) 
Concentrations of Ca (open black circles) and Mg (red circles). B) Percent remaining of Ca 

(open black circles) and Mg (red circles). Horizontal dashed line indicates 100% of the 

element remaining. C Exchangeable Ca (open black circles) and Mg (red circles).

Bateman et al. Page 22

Ecosystems. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
A) C (open black circles) and N (red circles) in the surface 30 cm of soils on Mauna Kea 

substrate. B) C:N (open black circles), N:P (blue triangles), and C:P (red circles) in the 

surface 30 cm soils on Mauna Kea substrate.
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Figure 6. 
P in the surface 30 cm of soil on Mauna Kea substrate. A) Percent remaining (open black 

circles) and concentration (red circles). B) Resin extractable P.
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Figure 7. 
Select soil properties in surface 30 cm of soil on Mauna Kea substrate. A) pH, B) 
Exchangeable Al, C) Base saturation (open black circles) and CEC (red circles).
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Figure 8. 
Percentage of total Ca found as exchangeable Ca in the soil. Comparison is on a mass/mass 

basis.
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Figure 9. 
Pedogenic thresholds and soil process domains (color coded and labeled on figure) for the 

five water balance gradients. Due to the narrow water balance ranges the Kona gradients 

cover (1.2 and 7.5 ky on figure) we were unable to identify thresholds on these gradients. 

However, given the peaks in Ca and P identified on these gradients we believe the soils on 

these gradients are within the weathering and biological uplift domain (yellow with black 

striping). We identified three different thresholds across the gradients: the lower limit of 

detectable biological uplift (dotted vertical line); the depletion of primary minerals in the 

surface soils (solid vertical line); and the onset of low redox potentials in the soil (dashed 

vertical line).
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Table 1.
Site characteristics and classification of soil profiles.

Mean annual precipitation (MAP) and mean annual air temperature (MAAT) are taken from Giambelluca 2013 

and 2014, respectively. NRCS SCAN stations at 2842 and 1949m were used in determining soil moisture and 

temperature regimes. We determined GFP11 & GFP10 to be cryic soils by their monthly air temperatures, and 

because they are colder than the 2842m station, which has soil temperatures on the colder end of the frigid 

range. We determined GFP11 & GFP10 to be xeric soils by their monthly rainfall, which shows the little 

rainfall they receive falls primarily in the winter. We determined GFP09 is an ustic soil by the 2842m station 

that has an ustic soil moisture regime and has similar rainfall and air temperatures. We determined GFP08 is 

an udic soil by rainfall data. The 1949m station has udic soil conditions, thus we determined all sites receiving 

similar or higher precipitations (≥~2200mm/yr), and were at lower elevations were also udic. We used the 

USDA Soil Survey to corroborate moisture and temperature regimes for all sites except GFP11 and GFP10, 

which lacked such information. Andic soil properties were determined by the sum of Al and 1/2Fe in acid 

ammonium oxalate extractions.

Water
Balance Elevation MAP MAAT Vegetation Soil

(mm/y) (m) (mm) (°C) Classification

−1190 3334 534 6 Barren Xeric Vitricryand

−1240 3048 635 7 Pūkiawe, sparse Xeric Vitricryand

−1100 2700 780 8 Māmane & Eurasian grasses Typic Ustivitrand

−430 2435 1096 9 Eurasian grasses Pachic Haplustand

100 2127 1578 10 Eurasian grasses Histic Epiaquand

670 1831 2092 11 Eurasian grasses Aquic Placudand

2000 1526 3479 13 Koa & ferns Terric Haplohemist

4300 1246 5678 15 ‘Ōhi’a & ferns Terric Haplohemist

Ecosystems. Author manuscript; available in PMC 2020 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bateman et al. Page 29

Table 2.
Elemental composition of parent material for elements of interest.

Elemental percentages obtained via lithium borate fusion and XRF. Parent material chemistry is based on 9 

samples—3 tephra samples, 2 bedrock samples, and 1 gravel sample from the bedrock soil interface.

Si
(%)

Al
(%)

Fe
(%)

P
(%)

Ca
(%)

Mg
(%)

Na
(%)

K
(%)

Ti
(%)

Nb
(ppm)

Mean Value 22.61 9.14 8.51 0.40 4.94 2.45 3.40 1.46 1.73 60.44

Standard Deviation 0.76 0.23 0.32 0.02 0.21 0.16 0.26 0.26 0.11 1.59
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Table 3.
Thresholds from rainfall gradients of different ages.

Thresholds in a given soil property. Values are mm of precipitation minus potential evapotranspiration on an 

annual basis, with the 95% confidence interval.

Calcium Phosphorus

Gradient % Remaining Total Exchangeable % Remaining Total Resin

Mauna Kea 20kyr 800±200 780±180 760±470 NA 1810±450 NA

Hawi 150ky 370±100 500±120 460±100 410±150 NA 150±130

Kauai 4100ky −360±480 −500±470 −510±210 −20* NA −500±300

*
Threshold calculated using circular binary segmentation, which does not allow for calculation of the 95% confidence interval.
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Table 4.
Peaks in elemental pools from rainfall gradients of different ages.

Peaks in a given soil property. Values are mm of precipitation minus PET on an annual basis, with the 95% 

confidence interval.

Calcium Phosphorus

Gradient % Remaining Total Exchangeable % Remaining Total Resin

Kona 1.2kyr −220±160 NA NA NA NA −370±130

Kona 7.5kyr NA NA −420±210 NA NA NA

Mauna Kea 20kyr NA NA −480±220 140±390 690±240 NA

Hawi 150ky −180±90 −240±120 −360±80 −50±130 −190±530 −390±110
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