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Soil Phosphorus Dynamics Across a Holocene Chronosequence of Aeolian Sand Dunes in a Hypermaritime Environment on Calvert Island, BC, Canada
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Phosphorus (P) is an essential nutrient for plant growth, but soil P concentrations decline with increasing soil age. Phosphorus often limits tree growth within the hypermaritime Coastal Western Hemlock zone in British Columbia, Canada, particularly where parent material with low P concentrations have experienced rapid weathering. To sustainably manage forests in this region, more information is needed about changes in soil P concentrations and dynamics that occur with time. This study characterized the forms and abundance of soil and foliar P compounds using a soil chronosequence developed on aeolian sand dunes on Calvert Island and compared results to chronosequences in other locations. Eight time points were examined, from a modern foredune to a relict, stabilized dune (~10,760 years old). Soil horizons were analyzed for bulk density, pH, and concentrations of total carbon (C), nitrogen (N) and total P (TP), iron (Fe), and aluminum (Al), total organic P (Po), and Mehlich-extractable P and cations. For each site, P forms in L, H and organically-enriched mineral (M) horizons were characterized with solution 31P nuclear magnetic resonance spectroscopy (P-NMR), as were foliar samples from tree species spanning all age classes except the youngest dune. This chronosequence followed the Walker and Syers (1976) model, with an exponential decline in TP mass and a humped-shape curve in Po mass with increasing age. The L horizon had lower TP concentrations than foliage samples, but similar P forms. The H horizons had a greater proportion of DNA, phosphonates and nucleotides than the L horizon and increased proportions of myo- and scyllo-inositol hexakisphosphate (IHP) with increasing age. The mineral horizons had much lower TP concentrations than other horizons and increased proportions of IHP and DNA with increasing age, which were correlated to increased exchangeable and amorphous Al concentrations. In all sample types, the proportion of orthophosphate declined with increasing age. These results enhance knowledge of P cycling within hypermaritime soils, particularly the P decline that will occur with age. This will aid in the sustainable management of the low-productivity forests typical of these ecosystems.
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INTRODUCTION

Phosphorus (P) is one of the most limiting nutrients to plant growth worldwide along with nitrogen (N), and both are integral to the productive functioning of ecosystems. Total P (TP) in soil is divided into various chemical forms (compounds), which vary in their bioavailability and cycling in soil. Molecules of organic P (Po) contain carbon (C), while inorganic P (Pi) compounds do not (Condron et al., 2005; Pierzynski et al., 2005). Inorganic Pi compounds include phosphate (H2[image: image] or [image: image] in the pH range of most soils), and phosphates linked together as pyrophosphate (with two phosphate groups) and polyphosphate (more than two phosphates). Phosphate is the only P form that plants and microbes can directly take from the soil solution, and is the predominant Pi compound in most soils (Schachtman et al., 1998; Stevenson and Cole, 1999). The main Po compounds can be divided into: orthophosphate monoesters (herein referred to as monoesters), which have one C group per phosphate and include sugar phosphates (e.g., glucose 6-phosphate), mononucleotides such as adenosine monophosphate, and storage compounds such as myo-inositol hexakisphosphate (myo-IHP, phytate); orthophosphate diesters with two C groups per phosphate (herein referred to as diesters), which include phospholipids and DNA; and phosphonates with a direct C-P bond.

The soil P cycle is controlled by five main pools of P: (1) dissolved within the soil solution; (2) adsorbed to mineral surfaces; (3) precipitated from the soil solution; (4) contained within living microbial biomass; and (5) bound within non-living organic matter (Stevenson and Cole, 1999). Both Pi and Po compounds are found in all of these pools (Condron et al., 2005; Pierzynski et al., 2005), and P cycling in these pools is controlled by geochemical and biological processes. The soil solution P pool is most critical; P in this pool is directly available for sorption, precipitation, biological uptake and incorporation into organic matter. However, the soil solution P concentration is usually low and soil P moves mainly by diffusion, unlike other nutrients, thereby limiting availability (Schachtman et al., 1998; Stevenson and Cole, 1999). In forests, P cycling is influenced by parent material, plant species and successional stage, and the biological P cycle is generally more dominant in the surface horizons, while geochemical P cycling is more dominant in the mineral horizons (Wood et al., 1984; Cade-Menun et al., 2000a; Lang et al., 2017).

The Walker and Syers (1976) model is the most widely-used model of P change with soil age, and states that Ca-phosphates (Ca-P) will be the first forms of P to be exploited because they are generally the most abundant P forms in the parent material and are more easily solubilized than other P forms. As soil ages and phosphate becomes scarcer, Po and P sorbed to Fe and Al (hydr)oxides will dominate, including Pi and Po forms that are tightly sorbed and thus resistant to desorption (occluded P). Therefore, to effectively manage forest soils it is necessary to characterize and measure the concentrations of Po due to the increasing dominance of Po with age, especially within P-limited systems (Walker and Syers, 1976).

Declining P with increasing age has been widely documented on soil chronosequences spanning many climates, parent materials, disturbance histories and age ranges (Table 1). Depending on the soil forming factors, chronosequences may become depleted of P by different mechanisms. Sandy chronosequences, such as Cooloola (Queensland, Australia), Jurien Bay (Western Australia) and Cox Bay [British Columbia (BC), Canada], generally have parent material with inherently low P concentrations and become P depleted faster than soils with greater initial P concentrations (Vitousek et al., 2010; Turner et al., 2012; Chen et al., 2015; Turner and Laliberté, 2015). The loss of Pi and dissolved Po via weathering and subsequent leaching is referred to as depletion-driven P limitation, which generally takes millions of years but can occur faster with parent materials with low P concentrations (Vitousek et al., 2010). Other forms of P limitation may be caused by barriers to root exploration or transactional P limitations caused by the slow release of P from minerals compared to other nutrients (Vitousek et al., 2010).


Table 1. Chronosequences exhibiting phosphorus (P) decline with age, country, parent material, climate, initial and oldest ages, and the mechanism of P limitation.
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McDowell et al. (2007) proposed that within mineral horizons, pyrophosphate, diesters (including DNA) and myo- and scyllo-IHP would increase on aging chronosequences as shown on Manawatu (North Island, New Zealand) and Reefton (South Island, New Zealand) chronosequences (Table 1; Parfitt, 1979; Shang et al., 1990; Celi and Barberis, 2005). Mineral soil on the Franz Josef chronosequence (South Island, New Zealand) was dominated by DNA that was correlated to OM, and myo- and scyllo-IHP and other monoesters on the oldest site that were sorbed to amorphous metals (Turner et al., 2007). Unlike the mineral horizon, microbial P compounds dominated the organic horizon on the Haast chronosequence (South Island, New Zealand), illustrating the importance of microbial cycling of P in the forest floor (Turner et al., 2014). The origins of many soil Po forms are not fully understood; although plants are known to be the source of some compounds such as myo-IHP, other compounds such as scyllo-IHP have not been identified in plant matter (Makarov et al., 2002; Condron et al., 2005; Turner et al., 2007). Studies characterizing changes in foliar P forms with soil age are limited, although they could be used to link the forms of P found within the L horizon to the surrounding plant species.

In addition to examining P pools with time, nutrient ratios such as NP are frequently utilized in chronosequence studies to indicate potential N or P limitation with age (Parfitt et al., 2005), with Güsewell (2004) suggesting that an NP <10 was N-limited and >20 was P-limited.

Across a range of chronosequences worldwide, these ratios generally indicate a shift from N limitation on young sites, to co-limitation by N and P on intermediate-aged sites and P limitation on older sites (Vitousek et al., 1995; Richardson et al., 2004; Parfitt et al., 2005; Izquierdo et al., 2013; Hayes et al., 2014). Over time, foliar and organic soil horizon NP ratios may increase to a plateau, like a reverse logistic regression (Richardson et al., 2004; Hayes et al., 2014) or be hump-shaped (Vitousek et al., 1995; Wardle et al., 2004).

Within the Coastal Western Hemlock (CWH) climatic zone of coastal BC, Canada, very wet, hypermaritime variant (CWHvh2; Figure 1), low-productivity forests dominated by western redcedar (Thuja plicata; Cw), western hemlock (Tsuga heterophylla; Hw) and shore pine (Pinus contorta var. contorta) account for 12% of the North Coast Timber Supply Area or 235,000 ha (Banner et al., 2005). Due to the increasing value of Cw and yellow cedar (Chamaecyparis nootkatensis), these lower-productivity areas became of interest economically for timber and fiber production, so a greater ecological understanding was needed and the factors affecting productivity were assessed (Banner et al., 2005). The CWH zone in British Columbia, Canada, is characterized by a temperate, hypermaritime climate. Podzolization is the key process controlling soil development in this region, and soils are characterized by the accumulation of amorphous organic matter and/or the enrichment of Fe and Al in the B horizon (Sanborn et al., 2011). Many soils in the CWH zone have humic-cemented horizons (Bhc) known as ortstein horizons and Fe-enriched cemented horizons (Bfc) known as placic horizons (Banner et al., 1993; Green and Klinka, 1994), designated as Bhm and Bsm horizons, respectively, in the World Reference Base (FAO, 2006). These cemented horizons can impede water flow and can initiate paludification (Ugolini and Mann, 1979; Sanborn et al., 2011; Turner et al., 2012). In the CWH zone, P is often limiting due to rapid weathering of parent material with low P concentrations (Prescott et al., 1993; Kranabetter et al., 2013). Thus, soil P cycling in the CWH zone is typically strongly influenced by soil age.
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FIGURE 1. Map of study site on Calvert Island, BC, Canada. The map of Canada is from The Atlas of Canada, available at https://www.nrcan.gc.ca/maps-tools-and-publications/maps/atlas-canada/10784. The maps showing more details of the sampling locations are from Nelson (2018), and were adapted from Neudorf et al. (2015). Sampling sites are denoted with red circles.


Within the CWH zone in BC, Canada, researchers have studied a short chronosequence in Cox Bay [> ~550 y BP (years before present)] and longer chronosequences such as the Naikoon chronosequence on Graham Island (~550–6,500 y BP; Sanborn and Massicotte, 2010) and the Brooks Peninsula chronosequence on Vancouver Island (> 8,000 y BP; Maxwell, 1997). At Cox Bay, there was a sharp decline in Ca-P within 371 years, associated with rapid podzolization (Singleton and Lavkulich, 1987a,b). The Naikoon and Brooks Peninsula chronosequences also exhibited rapid podzolization and the development of placic horizons, but no in-depth chemical analysis of P within these soils was conducted. The Calvert Island chronosequence is the longest and best-constrained chronosequence on the coast of BC (Neudorf et al., 2015) and is the first study in the region to explore the relationship between soil age and the P cycle, specifically Po.

The overall objective of this study was to examine how the broad pools of P and specific chemical P forms have changed over time in a soil chronosequence developed during the Holocene on aeolian sand dunes within the CWH zone on Calvert Island, on the central coast of BC, Canada. The first research hypothesis was that total C, N and P would change with site age, with TP and Po following the trends of the Walker and Syers (1976) model.The second objective was to examine how soil Po compounds varied with increasing age in select organic and mineral soil horizons as well as in dominant foliage species. It was hypothesized that with increasing age, Po would become an increasingly dominant pool of soil P, with an increase in DNA in the organic horizons and increases in myo- and scyllo-IHP in the mineral horizons. The third hypothesis was that Po forms within foliage would be comparable to those within the L horizon, particularly as Po became a more dominant pool of P with increasing age. The fourth and final hypothesis was that the NP ratios would increase in foliage and organic horizons with increasing age.



MATERIALS AND METHODS


Study Area and Sample Collection

The soil chronosequence is located on Calvert Island on the central coast of BC, Canada (Figure 1). Soil samples were dated by optically stimulated luminescence (OSL) dating (Neudorf et al., 2015). Eight aeolian sand dunes that developed during a sea-level regression during the Holocene (Eamer et al., 2017) were examined in this study, with ages ranging from a modern foredune to approximately 10,760 y BP (Table 2; Figures S1, S2). Two sampling locations were examined on each sand dune to capture the variability of soil formation within the dune and age. Sampling locations were chosen to best reflect a stable landscape position (Table 2). Additional information regarding the study area can be found in Nelson (2018). Soil sampling was completed in accordance with the Canadian System of Soil Classification (Soil Classification Working Group (SCWG), 1998), which was used to classify the soil horizons. Two soil samples were taken from each genetic horizon. One sample, for basic chemical analysis, was air-dried and sieved to 2 mm. For cemented horizons, a mortar and pestle was used to disaggregate the sample. A coffee grinder was used to grind organic samples. The second sample from each site was oven-dried at 60°C until constant weight to prevent hydrolysis and degradation of P compounds, and was subsequently used for P-NMR analysis.


Table 2. The sampling sites used in this study, including chronosequence site name, the most accurate age (in years before present, y BP), location, approximate elevation in meters above mean sea level (m amsl), slope position, aspect, and biogeoclimatic (BEC) site series classification (Green and Klinka, 1994).
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To examine trends in foliage with increasing age, foliage was collected from two tree species found on the majority of sites, except for the modern dune. These species were Hw, present on 13 of the 16 sites, and Cw, present on 6 of the 16 sites. Samples were also collected from a dominant shrub in most plots, salal (Gaultheria shallon). Foliage samples were pruned by hand when possible, or intact green foliage was retrieved off the ground if hand sampling were not feasible, within a 5 m radius plot around each soil pit. All foliage samples were oven-dried at 60°C until constant weight and then ground using a coffee grinder. Foliage samples were composited into groups with equal weights of each dried sample: Group 1, sites CIDS3 and CIDS4; Group 2, of CIDS8, CIDS9 and CIDS15; Group 3, CIDS16, and CIDS10.



Chemical Analysis

Soil pH was analyzed using a 1:1 soil:water ratio for mineral soils. For samples with high organic matter contents, soil:water ratios ranged from 1:15 to 5:45, depending on viscosity (Kalra and Maynard, 1991). Total C and N were analyzed using a ThermoFischer Scientific Flash 2,000 CHNS. Total C was assumed to be organic C as there were no carbonates in these soils. Total Po was determined using the ignition method, followed by colorimetric analysis using a Cary-60 UV/vis spectrophotometer (Saunders and Williams, 1955; O'Halloran and Cade-Menun, 2008). The Mehlich method was used to extract P and exchangeable cations [Al, Ca, Fe, and magnesium (Mg)], and the extracts were analyzed on a Teledyne Leeman Labs Prodigy dual-view ICP-optical emission spectrophotometer (ICP-OES) with a sea spray nebulizer (Mehlich, 1984; Kalra and Maynard, 1991). Sodium pyrophosphate (0.1 N) and acidified ammonium oxalate (0.2 N) were used to extract Fe and Al from mineral samples, followed by ICP-OES analysis (McKeague and Day, 1966; Courchesne and Turmel, 2008). Pyrophosphate-extractable Fe (Fep) and Al (Alp) represent organically-complexed forms, whereas oxalate-extractable Fe (Feo) and Al (Alo) represent amorphous and organically-complexed forms. Therefore, the difference between oxalate- and pyrophosphate-extractable Fe and Al provides an indication of how much of these elements occur in amorphous inorganic forms.

Foliage and L horizon samples were analyzed for TP by digestion (Parkinson and Allen, 1975; Cade-Menun and Lavkulich, 1997), followed by colorimetric analysis (Murphy and Riley, 1962) for molybdate-reactive P (MRP). For organic samples total elemental analysis (including TP) was analyzed by closed-vessel microwave acid digestion ICP-OES (Kalra and Maynard, 1991). For mineral samples, total elemental analysis (including TP) was analyzed by high temperature fusion with lithium metaborate/lithium bromide using a Claisse M4 Fluxer followed by ICP-OES.



Solution Phosphorus NMR Spectroscopy

Analysis of all horizons for one profile revealed that high Po concentrations could be extracted from organic horizons and organic-matter enriched mineral horizons only, with other mineral horizons containing mainly orthophosphate (Figure S3). Thus, L horizons (litter, uppermost organic horizons) and select H (humified lower organic horizons) and humic-enriched mineral (M) horizons were analyzed for each replicate plot, as well as composited foliage samples. The mineral horizons included both A and B horizons, depending on the site, so are designated as M horizons here. The youngest site was not forested, so in the absence of an L horizon, a discontinuous thatch derived from dune grasses was analyzed. Samples [1 g (dry weight) for L horizon and foliage samples, 3 g for organic horizons and 10 g for mineral samples] were extracted with 30-mL of 0.5 M NaOH + 0.1 M Na2EDTA (NaOH-EDTA), shaken for 4 h in the dark at ~20°C, and then centrifuged for 15 min at 12,000 × g (Cade-Menun and Preston, 1996; Cade-Menun and Liu, 2014). A 1-mL subsample of each supernant was diluted (1:10) with DI water and analyzed using ICP-OES to determine the extract concentrations of P, Al, Ca, Fe, Mg, and Mn. The remaining supernants were filtered through Whatman 42 in a Buchner funnel to remove OM from the sample, frozen, and then lyophilized until dry (~3 days). The recovery of TP in NaOH-EDTA extracts was calculated (Table 3).


Table 3. Soil pH (in water), total carbon (C), total nitrogen (N), total (TP), and organic P (Po) concentrations within litter (L), humic-enriched organic (H) and mineral (M) horizons, and the recovery of TP in NaOH-EDTA extracts (NE TP).
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The freeze-dried extracts of the select H horizon and M horizon samples were sent to the Stanford Magnetic Resonance Laboratory (SMRL) at Stanford University for NMR analysis. The L horizon and composited foliage samples were analyzed at the Saskatchewan Structural Sciences Center (SSSC) at the University of Saskatoon, due to the closure of the SMRL. At the SMRL, the freeze-dried extracts were prepared for P-NMR analysis by adding 0.5–1.5 ml of D2O, 0.5 ml H2O, 0.5–4.0 ml of NaOH-EDTA extracting solution and 0.5–1.0 mL of 10 M NaOH to increase the sample pH above 12 (Cade-Menun and Liu, 2014). Samples were centrifuged at 3260 × g for 5 min. The spectra were obtained on a Varian Inova 600-MHz spectrometer (202.5 MHz for P) with a 10-mm broad band probe. The NMR parameters were: 45° (0.22-μs) pulse, 4.5-s pulse delay, 0.5-s acquisition time, 20°C, and no proton decoupling. Sample LAN30 (CIDS16B, Bhc horizon) was very viscous and had a very low paramagnetic ion (Fe, Mn) content so a 9.5 s pulse delay was used on this sample only. Total NMR analysis for the H and mineral horizon samples ranged from 8 to 16 h, to achieve an acceptable S/N.

At the SSSC, the freeze-dried supernants of the L horizon and foliage samples were prepared by adding 0.6 ml of D2O, H2O and the NaOH-EDTA extracting solution, as well as 0.4 mL of 10 M NaOH to increase the sample pH above 12. Some samples were very viscous so an additional 0.4 mL each of D2O and NaOH-EDTA extracting solution were added. All samples were centrifuged at 3260 × g for 5 min. Spectra were obtained on a Bruker Avance 500 MHz spectrometer (202.5 MHz for P) with a 10-mm broadband probe. The NMR parameters were: 45° (0.13-μs) pulse, 4.5-s pulse delay, 0.5-s acquisition time, 21°C, and no proton decoupling. Analysis times ranged from 4 to 8 h. During sample analysis at both SMRL and SSSC, selected samples were spiked with different reference compounds after initial NMR analysis, to confirm peak identifications within the monoester region. The chemical shift of compounds were slightly different for each sample type (L vs. H vs. mineral horizons), so a few samples of each sample type were spiked to confirm peak assignments (Cade-Menun, 2015). Spiking compounds included: myo-IHP, adenosine monophosphate (AMP), α- and β-glycerophosphate, glucose-1-phosphate, glucose 6-phosphate (g6P), and phosphocholine, all dissolved in NaOH-EDTA, as described in Cade-Menun (2015).

Spectra were processed using NMR Utility Transform Software (NUTS, Acorn NMR, Livermore, CA, 2,000 edition), using 7 Hz line-broadening for the full spectra and 2 Hz line-broadening for finer details, and the orthophosphate peak was adjusted to 6.000 ppm in all samples. Concentrations of P compounds were determined by multiplying the percentage of each P compound by the concentration of P extracted by NaOH-EDTA.



Statistical Analyses

Due to the small sample set and limited size of the dataset, statistical analysis was performed for the purpose of statistical exploration only. Data were analyzed with STATA 14 IC. Linear and non-linear regression analyses were performed on the masses of TP and Po to 1 m depth, and on Mehlich P and orthophosphate concentrations with age. The following models were used to examine the data: linear, second order polynomial, Michaelis-Menten, logarithmic, and exponential (decay or increase). Akaike's information criteria and visual examination of the residuals were used to determine the best-fitting model (Gotelli and Ellison, 2004). Parametric pair-wise correlations and non-parametric Spearman correlations were used to test relationships of P forms with other soil parameters. The Shapiro-Wilk normality test and visual examination of box plots using Stata 14 IC, for each horizon type (α = 0.05) were also performed. All NMR data were centered log ratio transformed prior to statistical analyses (Abdi et al., 2015).




RESULTS


General Chemical Analyses

Soil pH ranged from 7.5 to 8.6 for the modern foredune and from 2.6 to 5.2 in the forested sites (~105 y BP and older), with the lowest pH values in samples from the oldest sites (Table S1). In the L, H and M horizons, pH was generally similar among samples and was lower in the H horizon than the L horizon (Table 3). The greatest pH range with age was observed in the M horizon, from 3.8 in the oldest samples to 7.9 in the modern foredune.

Total C concentrations were greatest in the forest floor and humified horizons (34–60%) and lowest in the mineral horizons (<2%), while total N concentrations were below 1.4% for all samples (Table 3, Table S1). Carbon and N concentrations were generally similar with age for the L and forest floor horizons, increasing with age in the mineral horizons.

With increasing age, Mehlich-extractable P concentrations declined in all sample types (Table S2), and were greatest in the L horizon and least in the mineral horizons (Figure 2A). Mehlich-extractable Ca and Mg concentrations were greatest in the surface samples from all sites and decreased with depth, while Mehlich-extractable Al and Fe concentrations generally showed the opposite trend (Table S2). The L horizon had the greatest concentration of Mehlich Ca+Mg followed by the H horizon and then the M horizon (Figure 2B). Conversely, the mineral horizons had the greatest Mehlich Fe+Al concentrations followed by the H horizon and then the L horizon (Figure 2C). In the L horizon, Mehlich Ca+Mg concentrations remained relatively stable with age, exhibiting only a slight decrease with increasing age (Figure 2). The H horizon samples maintained stable Ca+Mg concentrations until ~4,200 years followed by a decline, and there was a sharp decline in the M horizon samples between 0 and 105 years. The L and H horizons had a slight increase in Fe+Al concentrations with age compared to the M horizon, which had a much larger increase with age that peaked around 4,000 years. The H horizon at the ~7,236 y BP site had an unusually high Fe+Al concentration that was not consistent with other H horizon samples (Figure 2).
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FIGURE 2. Average Mehlich-3 extractable (A) phosphorus (P), (B) calcium (Ca) + magnesium (Mg) and (C) iron (Fe) + aluminum (Al) concentrations within the select litter (L), humic-enriched organic (H) and mineral horizon (M) samples used for P-NMR analysis from the Calvert Island, BC chronosequence. Values are means ± standard deviation; n = 2.


Concentrations of Alp and Alo were similar in samples from profiles up to ~3,588 y BP, as were Fep and Feo concentrations, indicating that organically-complexed Fe and Al were predominant in the younger profiles (Table S1; Nelson, 2018). In samples from soil profiles from ~4,198 y BP and older, concentrations of Alo and Feo increased relative to those of Alp and Fep, especially at lower depths, indicating an increase in Fe and Al (oxy)hydroxides.



Soil Phosphorus (Total and Organic P)

Total P concentrations were greatest in the L horizon and decreased with depth (Table 3). The CP and NP ratios generally increased from H>L>M horizons, and generally increased with age in all horizons. Concentrations of Po were greater in the L and H horizons, decreasing substantially in the M horizon. As a proportion of TP, Po was 52–86% of TP in the L and H horizons. In the M horizon, samples from the sites <605 y BP had a lower proportion of Po to TP (7.2–13%), which increased to 21–40% of TP in older sites. Within each age category, CPo was greatest in the H horizon for all but the ~4,198 y BP site (Table 3). For the youngest and oldest sites, the CPo ratios were comparable in the L and M horizons; for other ages, CPo was lowest in the M horizon.



P-NMR Spectroscopy

Extraction with NaOH-EDTA recovered 73–88% of TP from L horizons, 29–66% from H horizons and 10–53% from the M horizons (NE PT, Table 3), and 90 ± 9% of TP from the foliar samples (Nelson, 2018). Although TP within the M horizon declined with increasing age, the recovery of P in NaOH-EDTA extracts increased with age and decreasing soil pH.

Example P-NMR spectra are shown in Figures 3, 4 and in Nelson (2018). Chemical shifts for foliage and L horizons, H horizons and M horizons are shown in Tables S3–S5, respectively. Compounds identified in the monoester region were IHP stereoisomers (myo, scyllo, neo, and D-chiro), α and β-glycerophosphate, mononucleotides, choline phosphate, g6P and an unidentified peak at ~5 ppm, labeled as “Unknown” (Figures 5–8; Tables S6, S7) Other unidentified signals in the monoester region were grouped into Mono1 (~7.0-6.0 ppm chemical shift), Mono2 (~6.0–3.5 ppm), and Mono3 (3.5–2.5 ppm). The orthophosphate diester region was divided into DNA and other diesters (other diester 1 downfield from DNA; Other Diester 2 upfield from DNA). Because some peaks in the monoester region result from alkaline hydrolysis of RNA and phospholipids during NMR analysis (Makarov et al., 2002; Turner et al., 2003b; Doolette et al., 2009; Cade-Menun, 2015; Schneider et al., 2016), total monoester and diester concentrations were corrected by adding the concentrations of α and β glycerophosphates and mononucleotides to the total diester concentration (cdiesters, cDi), and subtracting them from the total monoester concentration (cmonoesters, cMono). The P-NMR results as percentages for all samples are given in Tables S6, S7. Concentrations of P forms are given in Table S2 and Figures 5–8.
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FIGURE 3. Select 31P-NMR spectra for humic-enriched organic (H) horizon samples along the Calvert Island chronosequence extracted with NaOH-EDTA and processed with 7 Hz line-broadening. OrthoP, orthophosphate, Mono, orthophosphate monoesters; α, α-glycerophosphate; β, β-glycerophosphate; AMP, amino monophosphate; 5, unknown peak, 5 ppm; y BP, years before present. See text for more details.
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FIGURE 4. Select 31P-NMR spectra for humic-enriched mineral (M horizon) samples (A or B horizon depending on age) along the Calvert Island chronosequence extracted with NaOH-EDTA and processed with 7 Hz line-broadening. OrthoP, orthophosphate, Mono, orthophosphate monoesters; α, α-glycerophosphate; β, β-glycerophosphate; AMP, amino monophosphate; 5, unknown peak, 5 ppm; y BP, years before present; c, chiro-inositol hexaphosphate (IHP); m, myo-IHP; n, neo-IHP; s, scyllo-IHP; See text for more details.
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FIGURE 5. Proportion (A) and concentration (B) of phosphorus (P) in NaOH-EDTA extracts analyzed by P-NMR of three foliage species from the Calvert Island, BC chronosequence: western hemlock (Hw), western redcedar (Cw) and salal by age groupings (G1, G2, G3) or by site (CIDS8A, 8B, 15B). Ortho, orthophosphate; Cmono, Cdi, orthophosphate monoesters and diesters corrected for degradation during analysis; totPoly, total polyphosphates; Phon, phosphonates. Age groupings were made based on soil total P concentrations with G1 representing ages ~105 to ~139 years, G2 representing ~605 to ~4,198 years and G3 representing ~7,236 to ~10,760 years.


Foliage samples from age group 2 for Hw and Cw were compared to the salal samples (Figure 5, Table 4). Orthophosphate, DNA, α- and β-glycerophosphates, and other diesters were the dominant P compounds in all foliage samples (Figure 5, Table S7). The Cw and Salal samples were most comparable. Hemlock had the lowest proportion of orthophosphate and greatest proportion of cmonoesters and cdiesters while Cw and Salal had a greater proportion of orthophosphate and lower proportions of cmonoesters and cdiesters. The proportions of total polyphosphates and phosphonate were similar among all foliage species. Both Cw and Salal had all four stereoisomers of IHP and Hw had all but scyllo-IHP. With increasing age, the proportion of orthophosphate declined in both Hw and Cw species while cdiesters and cmonoesters increased in proportion (Figure 5A). For both Hw and Cw, the concentrations of all forms of P declined with increasing age, with the most substantial decline in orthophosphate (Figure 5B).


Table 4. Concentration of P compounds within NaOH-EDTA extracts of soil (Hor) and composited foliage species (Sp.).
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In the L horizon, orthophosphate comprised <40% of extracted P (Figure 6A). The next most dominant groups were the cdiesters, followed by pyrophosphate and polyphosphate together (total polyphosphates) and then cmonoesters. The proportion of cmonoesters in the L horizon remained similar throughout the chronosequence, while the proportion of cdiesters generally increased with increasing age. The concentration of all P compound classes of extracted P declined with increasing age (Figure 6B), and there was an apparent shift in the dominance of different P compounds with age. On the youngest site with thatch rather than L horizon, orthophosphate and within the first 100 years, cdiesters became the most dominant forms of P. By ~10,000 y BP, cdiesters still dominated but the proportion of cmonoesters increased while orthophosphate and total polyphosphates declined.
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FIGURE 6. Average proportion (A) and concentration (B) of phosphorus (P) in NaOH-EDTA extracts analyzed by P-NMR for the main groupings of P compounds in the litter (L) horizon from the Calvert Island BC chronosequence. Ortho, orthophosphate; Cmono, Cdi, orthophosphate monoesters and corrected for degradation during analysis; totPoly, total polyphosphates; Phon, phosphonates. Values are means; n = 2.


Within the H horizons, orthophosphate represented a considerable portion of the extracted P on all sites up until ~7,000 y BP, and then declined (Figure 7A). The cmonoesters and cdiesters, in H horizon samples, increased in proportion and concentration (Figure 7B) with increasing age. The concentrations of phosphonates and total polyphosphates declined with increasing age.


[image: Figure 7]
FIGURE 7. Average proportion (A) and concentration (B) of phosphorus (P) in NaOH-EDTA extracts analyzed by P-NMR for the main groupings of P compounds in the humic-enriched organic (H) horizon from the Calvert Island chronosequence. Ortho, orthophosphate; Cmono, Cdi, orthophosphate monoesters and corrected for degradation during analysis; totPoly, total polyphosphates; Phon, phosphonates. Values are means; n = 2.


Within the M horizons, the proportion and concentration of orthophosphate declined with increasing age and was associated with an increase in the proportions of cmonoesters and cdiesters with age (Figures 8A,B). The proportions of total polyphosphates and phosphonates did not fluctuate significantly with age although the concentration of phosphonates increased minimally with increasing age.
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FIGURE 8. Average proportion (A) and concentration (B) of phosphorus (P) in NaOH-EDTA extracts analyzed by P-NMR for the main groupings of P compounds in the mineral (A or B, depending on age) horizon from the Calvert Island chronosequence. Ortho, orthophosphate; Cmono, Cdi, orthophosphate monoesters and corrected for degradation during analysis; totPoly, total polyphosphates; Phon, phosphonates. Values are means; n = 2.


Like the foliage and L horizon samples, the concentration of total Po decreased with age in the H horizon, as did the concentrations of myo- and chiro- and neo-IHP. However, the concentration of scyllo-IHP increased (Table 4). The concentrations of pyrophosphate and polyphosphates were much lower in the M horizon than other horizons. The M horizon was the only horizon in which total cmonoesters were greater than cdiesters, with myo- and scyllo-IHP comprising the majority of the cmonoesters (Table 4). The ratio of cmonoesters to cdiesters (cM:D) was lowest in the foliage samples and the L horizon (Table S7). The cM:D increased in the soil with increasing depth.

The results in Table S7 clearly demonstrate the need to correct for degradation of diesters to monoesters, especially for organic horizons. Degradation compounds were 22 ± 6 and 22 ± 5% of the foliage and L horizon samples, respectively, and 10 ± 3 and 9 ± 4% of the O and M horizons. The uncorrected M:D ratio was >1 for all samples, and was >10 in many samples. However, this dropped to <1 for all but the M horizon after correction.



Exploratory Modeling of P Pools

Linear, second order polynomial and exponential decay models were applied to the masses of TP and Po to 1 m depth with age (Figure 9). The second order polynomial model did not appropriately fit the TP mass data when examined visually. The linear model for TP mass had an appropriate fit but the 4,198 y BP site was identified as an outlier. The exponential decay model had the greatest adjusted R2 (0.982), lowest P (< 0.0001), and best visual fit. For the mass of Po with time, the linear model did not fit the data and the exponential decay model fit the data statistically but did not corroborate the trends identified in previous studies. The second order polynomial was chosen as the best fit for Po mass because it appropriately fitted the data and was in accordance with a priori knowledge (Figure 9, Table 1). The concentrations of Mehlich P and orthophosphate in the L, H, and M horizons were modeled with time. The exponential decay model was the best fit for Mehlich P concentration in the L, H, and M horizons and for orthophosphate in the L and M horizons (Table 5, Figures S5, S6). The large variability of orthophosphate concentration with age in the H horizon prevented a significant, explanatory fit of the data.
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FIGURE 9. Average mass of total phosphorus (Pt) and organic phosphorus (Po) to a 1 m depth with the associated linear and non-linear regression formulas, respectively, and associated r-value, for soil sampled from the Calvert Island, BC, chronosequence. Values are means ± standard deviation; n = 2.



Table 5. Mehlich phosphorus (P) and orthophosphate exponential decay formulas for the litter (L), and select humified organic (H), and mineral (M) horizons with adjusted R2 (Ra2) and p-value (p).
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Relationships of Select Organic P Compounds With Soil Chemical Parameters

Of the parameters analyzed with correlation analysis, DNA concentration was positively correlated to Alo concentration (r2 = 0.79, P < 0.05), and Alo+Feo concentrations (r2 = 0.81, P < 0.05). Total IHP concentration in the mineral horizon was significantly correlated to concentrations of total C (r2 = 0.91, P < 0.001), Alo (r2 = 0.86, P < 0.001), and Alo+Feo (r2 = 0.87, P < 0.001), and there was a strong relationship of Alo and total IHP concentrations for all but the 7,236 y BP sites (Figure S4). Mehlich P concentrations within the samples used for P-NMR and orthophosphate concentration determine by P-NMR were also significantly correlated (r2 = 0.941, P < 0.0001).




DISCUSSION


Comparison of Total, Total Organic, and Mehlich 3 Phosphorus to Other Chronosequences

The Walker and Syers (1976) model suggests that primary mineral P concentrations will rapidly decline within the first ~4,000 years, accompanied by an increase in organic, occluded and non-occluded P forms. In the Calvert Island soils, the mass of TP to 1-m depth followed the typical exponential decline with age (Walker and Syers, 1976). This rapid decline in P concentration with increasing age is similar to the decline in P concentration on the Cox Bay chronosequence, which has a very similar climate (Singleton and Lavkulich, 1987b). Though TP data were not reported for Cox Bay, a linear decline of Ca-P concentrations was apparent in the first 550 years to 1 m depth and an exponential decline of Ca-P concentrations occurred in the first 10 cm of mineral soil (Singleton and Lavkulich, 1987b).

On Calvert Island, total Po mass displayed a hump-shaped curve that increased until ~4,000 years and then declined. This is characteristic of the Walker and Syers (1976) model: as phosphate becomes more scarce with increasing age, less-labile P forms including Po forms will remain, as well as Po within soil microorganisms from uptake and immobilization (Quiquampoix and Mousain, 2007). Within organic horizons, the Volcanic plateau (Arizona, USA), Franz Josef, and Waitutu (South Island, New Zealand) chronosequences exhibited a humped decline of Po concentration with increasing age (Parfitt et al., 2005). The same hump-shaped curve was seen in the mineral horizons on the Reefton, Manawatu, Hawaiian Islands, Jurien Bay, Franz Josef, Cooloola and Mendocino (California, USA) chronosequences (Walker and Syers, 1976; Crews et al., 1995; Richardson et al., 2004; Parfitt et al., 2005; Eger et al., 2011; Izquierdo et al., 2013; Chen et al., 2015; Turner and Laliberté, 2015).

Although the fractionation method used in the Walker and Syers (1976) model was not utilized in this study, fractionation was performed on one profile on the Calvert Island chronosequence (Figure S3). Those results suggest that the Mehlich cation data provide a good approximation to fractionation. Thus, TP, Po, exchangeable (Mehlich) P, and the sum of exchangeable (Mehlich) Ca+Mg and Fe+Al concentrations provide an adequate data set to see if the Calvert Island chronosequence follows the general trends of the Walker and Syers (1976) model. For the Calvert Island chronosequence, this can be seen in the exponential decline of Mehlich P concentration with increasing age in all horizons (Figure S5), the dramatic decrease in Mehlich Ca and Mg concentrations within ~105 y BP in the mineral horizon, and the increase in Fe and Al concentrations to ~4,198 y BP. Effective cation exchange capacity and exchangeable Ca and Mg concentrations also declined with increasing age on the Haast, Mendocino, Cox Bay and Jurien Bay chronosequences (Singleton and Lavkulich, 1987b; Northup et al., 1998; Eger et al., 2011; Turner and Laliberté, 2015). The Calvert Island chronosequence can thus be added to the list of chronosequences worldwide that follow the Walker and Syers (1976) model, regardless of differences in parent material or climate (Table 1).

Within organic horizons, TP concentrations declined consistently at the San Francisco Volcanic Field, Franz Josef and Waitutu sites at lower rates than in the mineral horizons (Parfitt et al., 2005), which is comparable to the Calvert Island chronosequence with the exception of the ~4,198 y BP site. On the Haast chronosequence, TP concentrations in organic horizons declined exponentially, reaching a stable concentration after only 1,000 years that coincided with the development of a mature Podzol (Turner et al., 2012).

Within mineral horizons, TP concentrations declined with age on chronosequences across the world, with significant declines at the Cooloola, Jurien Bay, Franz Josef, Reefton, and Waitutu, Manawatu, and Mendocino sites (Syers and Walker, 1969; Walker and Syers, 1976; Parfitt et al., 2005; Izquierdo et al., 2013; Chen et al., 2015; Turner and Laliberté, 2015). The Haast chronosequence and the Hawaiian substrate age gradient (sub-tropical rain forest) both had rejuvenating dust inputs that buffered TP concentrations within the soil, but a significant decline with age was still apparent (Crews et al., 1995; Kurtz et al., 2001; Eger et al., 2011). Haast also had an increase in TP concentrations following the formation of placic horizons, most likely due to the reduction and subsequent mobilization of Fe (Turner et al., 2012), but this was not seen in the Calvert Island soils, although placic horizons developed.



Nutrient Ratios

Using the NP ratios suggested by Güsewell (2004), where an NP <10 was N-limited and >20 was P-limited, foliage samples within this study were within the co-limitation or adequate supply region of the ratios. This suggests no limitation of P to plant growth within the foliage, unlike Jurien Bay where the NP ratio within foliage was >20 after 6,700 y (Hayes et al., 2014). The Mendocino chronosequence also had an increase in NP within foliage with age from 6.0 to 14.4 on Terraces one through five (Izquierdo et al., 2013) and Franz Josef foliage NP was ~14 after 12,000 years (Richardson et al., 2004). The NP ratio within the L Horizon samples increased with increasing age up to 27.5 for the second oldest site (Table 3) which is within the P-limited range (Güsewell, 2004). The NP ratios within the H horizon suggest N and P co-limitation for all but the two oldest sites. In contrast, NP ratios in the M horizon show N limitation in all but the oldest site, which was in the range for co-limitation or adequate supply (Güsewell, 2004). The mineral soils on Calvert Island had a much lower NP ratio compared to other chronosequences spanning similar ages. On the Haast chronosequence the NP ratio did not increase consistently with age, but was 8.6 after 290 years and ~10 after 6,500 years (Turner et al., 2012). After 6,700 years, the mineral soils from the Jurien Bay chronosequence had NP > 20 suggesting P limitation (Hayes et al., 2014). On the Cooloola chronosequence the NP was 11.5 after 7,500–9,600 years and reached 30.5 after > 460,000 years within the upper 30 cm of mineral soils (Chen et al., 2015). Foliage samples in the current study did not show increasing NP ratios with increasing age as expected; however, the L and H horizons did display the expected trend. Interestingly, the NP ratio in the M horizons suggest N limitation on young sites and possibly co-limitation on the oldest site. Nutrient acquisition strategies and plant communities should be explored on this chronosequence in more detail to further understand foliar nutrients.



Phosphorus Extraction for P-NMR

Extraction of P, especially Po, with NaOH-EDTA for P-NMR is currently the most quantitative method to recover Po from soil and other environmental samples (Turner et al., 2005; Cade-Menun and Liu, 2014). The recovery of P in NaOH-EDTA extracts from the foliage and L horizon samples was the greatest of all types of the Calvert Island samples, with a recovery rate >73% of TP. Phosphorus recovery was lower in the H and M horizon samples, and generally increased with age. It was also lower in samples with higher pH. Changes in P recovery with age may be related to humification processes that incorporated Po within organic matter (Celi and Barberis, 2005), reducing the solubility in NaOH-EDTA. The recovery of TP within this study is comparable to recovery rates from studies of other Podzols on Vancouver Island, BC, such as 71–95% recovery within the LF layer, 32–95% recovery in the H horizon and 4–64% recovery within mineral horizons (Cade-Menun et al., 2000a,b). On the Franz Josef chronosequence, Turner et al. (2007) also observed lower recovery rates on young soils compared to older mineral soils, while Turner et al. (2014) reported lower recovery rates from mineral soil than organic horizons for the Haast chronosequence, especially for soils from younger and older sites. Wang et al. (2019) reported greater P recovery in NaOH-EDTA extracts from L horizons than H horizons for German forests.

Much of the P not extracted by NaOH-EDTA in samples is thought to be occluded Pi (Cade-Menun et al., 2015) With increasing age, Po dominated and was more easily extractable with NaOH-EDTA than Pi forms that may be precipitated or occluded (Turner et al., 2003a; Turner, 2008). The youngest site (~0 y BP) was minimally weathered and receives daily influxes of sea spray rich in basic cations, increasing pH relative to the older samples (7.9 vs. 3.8 for M horizon samples). Higher-pH samples generally have lower recoveries with NaOH-EDTA because P bound by Ca and Mg is harder to extract with NaOH-EDTA than P bound to Fe and Al (Turner et al., 2003a; Weyers et al., 2016). With increasing age, both the H and mineral horizons became more enriched in Fe and Al, which corresponds to an increase in the recovery of Po. It is important to note that the mechanisms of P recovery with NaOH-EDTA are not fully understood and more studies should be conducted comparing the extract and the residual P in the remaining sample after extraction with NaOH-EDTA (e.g., Turner, 2008; Cade-Menun and Liu, 2014). It is also important to note that if the majority of unextracted P is Pi, then total Pi calculated from NMR spectra will be underestimated in samples with low recovery in NaOH-EDTA, such as for the M horizons of the younger sites.



Changes in Phosphorus Forms Among Sample Types and With Depth

Different processes control the concentrations and forms of P within the different sample types of this study. In foliage, P forms and concentrations are directly related to the specific plant species and the soil nutrient status (Yan et al., 2019), and in turn control inputs to the L horizon. One Po compound of particular interest is myo-IHP (phytate), which can be a significant component of soil Po. It is a P storage compound commonly found in high concentrations in seeds, and in variable concentrations in other plant materials, and has been widely studied in agriculturally-important crops (Noack et al., 2014). However, there is no published information about myo-IHP in plant material of forests such as those found on Calvert Island. In addition to myo-IHP, other IHP stereoisomers detected in soils are chiro-, scyllo-, and neo-IHP, which have not been detected in appreciable quantities in plant tissues (Turner, 2007). In soils, the stereoisomers of IHP are either microbially synthesized or are formed from epimerization of myo-IHP (Smith and Clark, 1951; Cosgrove, 1980; Martin et al., 2000; Turner and Richardson, 2004; Giles et al., 2011). In the foliage samples from Calvert Island, stereoisomers of IHP were found in plant foliage in varying concentrations depending on the plant species. Redcedar (Cw) and salal foliage had all four IHP stereoisomers, whereas hemlock (Hw) had all stereoisomers except scyllo-IHP. It is important to note, however, that these foliage samples were not always collected directly from the plants and were not sterilized prior to extraction. As such, there is a possibility that microbial alteration and epimerization may have occurred and influenced the IHP forms and concentrations. This may also have altered other P compounds such as polyphosphates. However, the high concentrations of diesters in the foliage samples from Calvert Island are consistent with analysis of other plant materials (e.g., Noack et al., 2014; Yan et al., 2019).

The L horizon had lower TP concentrations than the foliage samples, but it appears that there were few alterations to P compounds in the L horizon: the forms of Po within the L horizon were directly comparable to the foliage samples, which confirms the third hypothesis of this study. Organic P forms within the foliage and L horizon were dominated by DNA and by the products of diester degradation during P-NMR extraction and analysis, α- and β- glycerophosphates, from phospholipids, and nucleotides, from RNA.

The forms of P within the foliage and L horizon will influence the H horizon, but the direct effect may be diminished by increased biological alteration. The H horizons had P forms similar to those of the L horizon, but there were increases in concentrations of DNA, scyllo-IHP, polyphosphates and phosphonates. The differences in P forms between the L and H horizons can be explained by microbial degradation and scavenging. The increased phosphonate concentrations within H horizons are most likely due to differences in the soil microclimate, including wetter condition and different microbial communities due to lower pH. These are ideal conditions for the formation and accumulation of phosphonates, because these conditions limit bacterial activity and subsequently phosphonatase enzyme production (Tate and Newman, 1982; Hawkes et al., 1984; Condron et al., 2005). The specific origins of the phosphonates in these soils are unknown, but phosphonates in general are produced by a number of organisms, including snails (in eggs), protozoa (in cilia), and Actinomyces (Condron et al., 2005). Phosphonates are also found in a number of agricultural chemicals, including herbicides and fungicides, but that is unlikely to be the origin of phosphonates in these soils, given that the study sites are remote and generally undisturbed by human management. The H horizons of the Calvert Island sites were well-humified humic or wood-enriched horizons with an abundance of mycelia, and P can be transported within mycelia as polyphosphate granules (Smith and Read, 1997; Makarov et al., 2002; Oberson and Joner, 2005; Bünemann et al., 2008); thus, an increase in polyphosphate concentrations could be tied to the increased fungal cycling of nutrients. Pyrophosphate may be a storage compound for microbes (Condron et al., 1990), which could explain the increased proportion within the L horizon compared to the foliage and the decline when transitioning to the more active H horizon. It may also originate from degradation of polyphosphates during extraction and NMR analysis (Cade-Menun et al., 2006).

The humic-enriched M horizon had a considerably lower TP concentration compared to the upper horizons. There were few to no roots in the mineral horizons and no identifiable mycelia (Nelson, 2018), which would limit the biological aspects of P cycling in this horizon (Greaves and Webley, 1969). The increase in phosphonates may be attributed to the increasingly wetter conditions with age, because the placic and ortstein horizons that formed between ~600 and ~3,500 y BP can impede water flow, making conditions wetter, cooler and more acidic. The dominant Po forms in the M horizon were myo- and scyllo-IHP, followed by DNA, nucleotides and chiro-IHP and minimal concentrations of glycerophosphates. Mineral horizon samples dominated by orthophosphate had a lower concentration of cmonoesters and the sites dominated by cmonoesters had lower concentrations of orthophosphate. The increased proportion of cmonoesters results from an increase in IHP.

The buildup of IHP and DNA suggests that the controlling process in the mineral horizons of Calvert Island is sorption, because IHP can easily sorb onto humic materials, clays or form insoluble precipitates, making them less likely to be mineralized (Goring and Bartholomew, 1952; Condron et al., 1990; Turner et al., 2002; Giles et al., 2011). This is corroborated by the increase of amorphous and exchangeable Fe and Al in the mineral horizon compared to the other horizons, and there was a clear relationship. Jørgensen et al. (2015) examined IHP stabilization on the Haast chronosequence and suggested that all IHP were sorbed onto amorphous metals. This finding is consistent with the Calvert Island soils. DNA can also be sorbed onto amorphous metals in addition to humic materials (Greaves and Wilson, 1969; Levy-Booth et al., 2007; Turner et al., 2007). Similar to IHP, DNA was correlated to amorphous Fe and Al on the Calvert Island chronosequence.

Cade-Menun et al. (2000a) also used P-NMR to characterize P forms in soils from the CWH zone within Cw-dominated forests. In their study the L and H horizons were dominated by uncorrected monoesters and diesters followed by orthophosphate. The mineral horizons from Cw sites presented in Cade-Menun et al. (2000a) were dominated by orthophosphate and monoesters, similar to Calvert Island. Preston and Trofymow (2000) also used P-NMR to characterize P forms in soils from the CWH zone, however they extracted samples with NaOH and Chelex rather than NaOH-EDTA. They compared the east side of Vancouver Island, BC, in the very dry variant, to the west side in the very wet variant. The west coast soils were characteristic of forests with nutrient restrictions and cool, wet conditions within the CWH zone that are also characteristic of the Calvert Island chronosequence. The young mineral soils on Calvert Island (0–139 y) were comparable to the mineral soils on the west coast of Vancouver Island in Preston and Trofymow (2000), with orthophosphate dominating followed by uncorrected monoesters, and diesters. In other regions of the world, diesters and diester degradation compounds dominated Po compounds, and pyrophosphate was more abundant, in organic horizons compared to mineral horizons in forest soils of Sweden (Vincent et al., 2012), Russia (Celi et al., 2013), Spain (García-Oliva et al., 2018; Merino et al., 2019), and Taiwan (Lin et al., 2018). In organic forest horizons of Germany, Wang et al. (2019) reported phosphonates in lower organic horizons but not surface litter layers, and generally more pyrophosphate and polyphosphates at the surface than in lower organic horizons.

Another factor that can influence P forms and concentrations in forests is fire. The ~7,236- and ~10,760-y BP sites on the Calvert Island chronosequence had evidence of a fire history, with visible fire scars on shore pine (Pinus contorta var. contorta, and charcoal fragments in soils > 3,500 Y bP (Nelson, 2018). Hoffman et al. (2016a,b) documented fire chronology on northern Calvert Island, with most fires occurring within the last 1,000 years, and found that there was a fire-free period between roughly 7,500 and 5,500 y BP. This suggests that all charcoal found on this chronosequence could be assumed to be <5,500 y BP. The effects of fire on soil P compounds were also investigated within Cw-Hw forests by Cade-Menun et al. (2000b). Post-fire LF and H horizons displayed an increase in Pi following fire since fire mineralizes Po forms to phosphate (DeBano and Klopatek, 1988). Similar effects were reported after fire in Spain (García-Oliva et al., 2018; Merino et al., 2019). In Cade-Menun et al. (2000b), after 10 years the effects of fire were diminished and Pi concentrations were comparable to old growth forests. The L and H horizons of the Calvert Island sites with a fire history did not have an apparent increase in phosphate, so the fires that did occur may not have been severe enough to alter soil P forms, or were long enough ago that their effects have diminished.



Changes in Phosphorus Forms With Site Age

The concentrations of all P forms within the foliage and L and H horizons decreased with increasing age while the concentration of P extracted using NaOH-EDTA increased with age. All samples from Calvert Island (foliage, and L, H, and M horizons) had declining proportions of orthophosphate, with the L horizon exhibiting the least change. The concentration of orthophosphate in the L and M horizon declined exponentially with increasing age (Figure S6). This decline in orthophosphate is consistent with the literature because phosphate is a more labile form of P released from primary minerals, plant material and microbes and is subsequently immobilized into microbial and plant tissues, leaving less-labile P forms in soil (Vitousek and Farrington, 1997; McDowell et al., 2007; Bünemann et al., 2008).

Coupled with a decline in orthophosphate concentration and proportion there was an increase in the proportion of Po in all sample types with age, which is consistent with the second hypothesis for this study. Foliar samples from both Hw and Cw had comparable changes in the P forms with age; however, Hw had a slightly larger increase in the proportion of DNA while Cw had a slightly larger increase in the proportion of monoester 3 category and G6P. The L horizon had a considerable increase in the proportion of cdiesters, the H horizon had an increase in cmonoesters and cdiesters while the M horizon had an increase in the proportion of cMono.

Analysis of the organic horizons on the Haast chronosequence showed an increase in the proportions of phospholipids, DNA and total polyphosphates with age (Turner et al., 2014). Similar to Haast, the H horizons on Calvert Island had an increase in the proportions of cmonoesters and cdiesters with age that can be attributed to an increase in the proportion of DNA, phospholipids, RNA, myo- and scyllo-IHP and the general monoester 2 category. This is also consistent with the second hypothesis for this study. Interestingly, phosphonates were not detected in the organic horizon on Haast (Turner et al., 2014), whereas phosphonates were detectable on all sites on Calvert Island and slightly increased in proportion with age. This suggests that soil conditions were wetter and more acidic on Calvert Island compared to Haast. It is also consistent with current literature that myo- and scyllo-IHP increased in proportion with increasing age in the H and mineral horizon samples (McDowell et al., 2007; Turner et al., 2007, 2014) although the concentrations declined between ~7,236 and ~10,760 y BP.

On the Franz Josef, Haast, Manawatu and Reefton chronosequences, the proportions of DNA, pyrophosphate, and myo-and scyllo-IHP increased with increasing age in the mineral horizon (McDowell et al., 2007; Turner et al., 2007, 2014). Similar increases in DNA, myo-and scyllo-IHP were observed in the mineral horizons on Calvert Island, which fully supports the second hypothesis of the study; however, an increase in pyrophosphate was not apparent. Interestingly, the potential sorption mechanisms for DNA on the Franz Josef and Calvert Island chronosequences differ, with humic material stabilizing DNA on Franz Josef (Turner et al., 2007), and crystalline and amorphous Al on Calvert Island.

Turner et al. (2014) presented a figure of the total IHP concentration and amorphous Al+Fe with increasing age for the Franz Josef chronosequence, and the IHP concentration mirrored the amorphous Al+Fe concentration. The total IHP concentration exhibited a hump shape, with the decline coinciding with the decline in amorphous Fe+Al. The decline in IHP may have been due to biological utilization of these compounds or due to a decline in the stabilization sites for IHP (Turner et al., 2014). As was noted in the previous section, IHP was also correlated to available and amorphous Al and Alo+Feo in the Calvert Island chronosequence, although Fe alone was not correlated with IHP. When Alo+Feo and total IHP concentration were graphed with age for the Calvert Island chronosequence, the IHP and Alo+Feo concentration curves were similar, but the concentration of IHP increases or declines before Alo+Feo, which differs from the Turner et al. (2014) data (Figure S4).



Ratio of Monoesters to Diesters

For the Calvert Island samples, the cM:D ratio was <1 in the foliage and L horizon, between 0.5 and 2 in the H horizons and greater >1 in the mineral horizons, while the uncorrected M:D ratio was much more variable than the cM:D within all samples types. This suggests that diesters, including degradation products, dominate the foliage, L horizon and sometimes the H horizon, while true monoester compounds (e.g., IHP) are more dominant in the mineral horizon. These data are consistent with our prior conclusion suggesting minimal alteration of the foliage within the L horizon, greater biological cycling and alteration in the H horizon and the dominance of chemisorption processes in the mineral horizons.

The ratio of monoesters to diesters (M:D), or sometimes diester to monoesters (D:M) is widely reported for P NMR literature (e.g., McDowell et al., 2007; Lang et al., 2017), and is thought to reflect Po lability and mineralization. This is based on the assumption that, in general, monoesters will sorb more readily than diesters, thus restricting their enzymatic hydrolysis. However, there are some flaws with this assumption. First, it makes broad generalizations about sorption by monoesters and diesters that aren't necessarily true for all P species within each category. While IHP sorbs strongly, other monoesters such g6P are not as tightly sorbed (Shang et al., 1996). And while phospholipids do not sorb, DNA will, especially at lower pH. In addition, the degradation of RNA and phospholipids during NMR extraction and analysis requires correction before reporting total monoesters, total diesters or the M:D (Schneider et al., 2016). Without correction, M:D should be used very cautiously, especially in modeling or to test theories about P-acquisition or P-recycling strategies (Lang et al., 2017).

Studies that have used P-NMR on chronosequences have used uncorrected data with the exception of Vincent et al. (2013) on the Vaserbotten chronosequence in Sweden, although other studies note that due to the degradation of diesters, total diesters are underestimated (McDowell et al., 2007; Turner et al., 2007, 2014). The Vaserbotten chronosequence did not have a significant decline in TP with age so it isn't directly comparable to the Calvert Island chronosequence, but it is interesting to note that Vincent et al. (2013) found that ~40% of non-IHP monoesters were degradation products of RNA. This supports the current data for Calvert Island about the need to correct for degradation of Po compounds within NaOH-EDTA extracts. The M:D within mineral soil on the Manawatu and Reefton chronosequence declined with increasing age similarly to Calvert Island (McDowell et al., 2007). However, once the correction for monoesters and diesters was applied, the cM:D actually increased with age on Calvert Island. Due to the increased dominance of IHP with age on Manawatu and Reefton, the cM:D might also be comparable to Calvert Island, reflecting an increased dominance of cmonoesters with age (McDowell et al., 2007).




CONCLUSIONS

The objective of this study was to examine changes in broad P pools with time using a Holocene soil chronosequence developed on aeolian sand dunes in a hypermaritime climate within the CWH zone on Calvert Island, BC, Canada. The study specifically examines how soil Po compounds varied with increasing age in organic (L, H) and humic-enriched mineral (M) soil horizons as well as in dominant foliage species. As hypothesized, the Calvert Island chronosequence followed the trends of the Walker and Syers (1976) model with an exponential decline in total P with age and a hump-shaped trend for Po, allowing the Calvert Island chronosequence to be added to the list of chronosequences worldwide that follow the Walker and Syers (1976) P model. As expected, Po became an increasingly dominant P pool with age, with an increase in DNA in the L and H horizons and increases in myo- and scyllo-IHP in the M horizons. In all sample types, the proportion of orthophosphate declined with increasing age while the proportion of diesters after correction for degradation (cdiesters) increased with age. There was an increase in the Po concentration in the M horizons. This was due to increased concentrations of IHP and DNA, which were correlated to total C concentrations and the increased concentration of organically-bound and amorphous Al, and a decline in exchangeable Ca+Mg concentrations that coincided with an increase in concentrations of exchangeable Al+Fe.

The forms of Po within the foliage and L horizon were comparable as expected, even though the total P concentration of the L horizon was less than the foliage. Several IHP stereoisomers were detected in foliage samples, which is novel given the lack of published data on IHP stereoisomers in plant material from forests in the CWH zone. Ratios of NP increased in L and H horizons but not in foliage samples, with the NP ratios in the M horizons suggesting N limitation on young sites and possible co-limitation by N and P on the oldest site. The information in this study will add to the current understanding of P cycling on the coast of BC and may aid in the management of low-productivity forests that are prevalent in this region.
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