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Every year, salmon return to their natal streams to spawn. Their return represents an ecosystem subsidy of nutrients and energy from the sea to the land; these materials feed into terrestrial food webs, plant communities, and forest soils. Here we test the long term effects of salmon inputs on soil fertility by sampling soils from Haíɫzaqv (Heiltsuk) Nation territory on the Central Coast of British Columbia, Canada. A total of 20 soil chemical properties were assessed via two sampling methodologies: first, across 23 watersheds representing a regional gradient of salmon density (kg of salmon per meter of stream reach per year); and second, at four sites above and below waterfalls that blocked salmon migration. At each sampling point, soil material at two depths was collected. Multivariate analysis regional gradient showed salmon density, the moss community, and the shrub community to be significant factors related to soil chemistry. Similarly, being above or below the waterfall, the moss community, and the tree community were significant in the waterfall comparison. Generalized linear mixed models along regional salmon density gradient showed an increase in nitrate (NO3−) correlated with salmon inputs (p < 0.05), and moderately significant (p < 0.1) increases in ammonium (NH4+), phosphorus (P), aluminum (Al), and copper (Cu). Net cation exchange capacity (CEC) did not change; however, magnesium (Mg) significantly decreased along these gradients (p < 0.05), while sodium (Na) had a declining tendency and calcium (Ca) had an increasing tendency. Being below salmon-blocking waterfalls or the salmon density below falls was a factor in higher total nitrogen, nitrate, ammonium, phosphorus, total sulfur (S), magnesium, and sodium concentrations; below falls sites also had lower pH and aluminum. Exploratory analysis of the regional gradient data using a random forest model apportioned high importance to soil depth, the moss community, the shrub community, salmon density and distance from the stream. These results show that salmon inputs are correlated with a number of changes in recipient soils, and these are consistent with an interpretation of improved fertility at these sites.
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1 Introduction

Every autumn, migratory Pacific salmon (Oncorhynchus sp.) return to their native streams to spawn and die. They carry with them a lifetime’s accumulation of nutrients stored in their bodies; this high-protein, high-fat material represents an ecosystem subsidy of marine-derived nutrients (MDN) from the ocean to riparian zones. These nutrients permeate stream environments, increasing aquatic nutrient loads (Levi et al., 2013); biofilm and plankton biomass (Collins et al., 2015); and change fish abundance, individual fish biomass, behavior, and spawning success (Swain and Reynolds, 2015; Collins et al., 2016). Salmon presence also affects nearby terrestrial sites by changing plant communities and increasing the abundance of nitrophyllic plant species (Mathewson et al., 2003; Hocking and Reynolds, 2011); increasing plant growth, fruit growth, and other plant traits (Sayer, 2008; Quinn et al., 2018; Siemens et al., 2020; Dennert et al., 2023); and increasing bird diversity and abundance (Christie and Reimchen, 2008; Wagner and Reynolds, 2019). In addition, their carcasses provide food for numerous large mammals such as bears and wolves (Hocking et al., 2009; Reimchen, 2017), small mammals such as mink and river otter (Dolloff, 1993; Ben-David et al., 1997), and insects (Hocking and Reimchen, 2006; Hocking et al., 2009; Reimchen, 2017; Rammell et al., 2021). These myriad effects have contributed to salmon being identified as a keystone species in structuring the ecology of riparian “salmon forests” (Helfield and Naiman, 2006; Walsh et al., 2020).

Nutrients from salmon reach terrestrial environments either via uptake by plants or by displacement by animals. Plant uptake can come from the stream itself or via diffusion through the hyporheic zone (Keefe and Edwards, 2003; Pinay et al., 2009). Insects represent the largest animal vector by mass (Reimchen, 2017), followed by bear consumption and distribution of carcass remnants (Cederholm et al., 1989; Reimchen, 2017). Urine, feces, and partially consumed carcasses represent three chemically distinct vectors of nutrient transfer to terrestrial environments (Cederholm et al., 1999). Urine contributes mostly nitrogen in ureic form, while salmon carcasses contain large amounts of N, P, K, Ca, and S, as well as smaller amounts of Mg, Fe, Mn, and other substances (Drake et al., 2005).

Ultimately, these nutrients either pass through or accumulate in the soil. The effects of MDN on soil have been examined using a variety of approaches, including assessing soil nutrients across regional salmon gradients (Reimchen et al., 2003; Hocking and Reynolds, 2011); above and below barriers to salmon migration (waterfalls or dams; Helfield and Naiman, 2001; Bartz and Naiman, 2005; Gende et al., 2007; Perry et al., 2017); and carcass addition or displacement experiments (Drake et al., 2005; Hocking and Reynolds, 2012; Wheeler et al., 2014; Wheeler and Kavanagh, 2017; Feddern et al., 2019; D’Amore et al., 2020). In other studies, soils have been sampled perpendicular to streams (Scott et al., 2008); across chronosequences of alluvial deposits (D’Amore et al., 2011, 2020; Morris and Stanford, 2011); and inside and outside bear exclosures (Holtgrieve et al., 2009). Salmon flesh is isotopically enriched in 15N due to its marine origin and because salmon are high-trophic level predators. Thus, the methodologies described above have often used nitrogen isotopic signatures as a primary response variable. This has shown increased δ15N (Reimchen et al., 2003; Bartz and Naiman, 2005; Morris et al., 2005; Gende et al., 2007; Morris and Stanford, 2011; Wheeler and Kavanagh, 2017; Feddern et al., 2019), decreased δ15N (Scott et al., 2008), or no change (Perry et al., 2017) along gradients of salmon nutrient inputs. In addition, MDN have been shown to be associated with increased total soil N (Bartz and Naiman, 2005; Gende et al., 2007; Holtgrieve et al., 2009; Morris and Stanford, 2011; Wheeler et al., 2014; Perry et al., 2017; Wheeler and Kavanagh, 2017), nitrate (Drake et al., 2005; Gende et al., 2007; Holtgrieve et al., 2009), ammonium (Drake et al., 2005; Gende et al., 2007; Holtgrieve et al., 2009), and NO2 (gas; Holtgrieve et al., 2009) concentrations. Despite some studies finding no effect of MDN on total N (Scott et al., 2008), and no effect on nitrate and ammonium (Feddern et al., 2019), the preponderance of evidence points to an increase in soil 15N, soil nitrogen, and soil nitrogen compounds in response to salmon inputs.

Soil characteristics other than nitrogen have been more rarely studied in salmon forest soil assessments. Phosphorus, critical for the health of plant proteins, nucleic acids, and photosynthesis (Maathuis, 2009), has been found to have variable responses to MDN addition, and studies have found it to increase (Drake et al., 2005), not change (Bartz and Naiman, 2005) or decrease (Perry et al., 2017) in response to increased salmon inputs. Calcium, potassium, and other exchangeable cations (sodium, magnesium, and aggregate cation exchange capacity) are also important for plant cell signaling, photosynthesis, and the structuring of cell walls (Maathuis, 2009). Two studies that examined soil cations reported conflicting results in cation concentrations, one increasing and one decreasing, in response to salmon inputs (Drake et al., 2005; Perry et al., 2017). These same two studies reported that salmon inputs were correlated with increases in soil sulfur, iron, and manganese.

pH has rarely been reported in the salmon forest literature, despite being a major driver of both soil chemistry (Strawn et al., 2020) and microbial community composition (Delgado-Baquerizo et al., 2018). Its response to salmon inputs has only been reported in a single study where it was found to be higher below than above salmon-blocking dams (Perry et al., 2017). Carbon is increasingly being recognized as another soil “master variable” that mediates all other soil functions (Schmidt et al., 2011; Solly et al., 2020). Carbon has received considerable attention in recent years for its role in climate change, as well as a mediator of soil redox potential that positively correlates with soil fertility (Diacono and Montemurro, 2011; Schmidt et al., 2011; Jiang et al., 2018). Three studies have examined soil carbon with regards to salmon inputs, and two found that soil carbon stocks increased and CO2 flux decreased with salmon inputs (Wheeler et al., 2014; Wheeler and Kavanagh, 2017), and one showed mixed results of both increases and decreases of soil carbon along a series of salmon-blocking dams (Perry et al., 2017).

Soil fertility is a integrative concept that accounts for nutrient availability, water conditions, soil aeration and physical stability, and the absence of substances that inhibit plant growth (Patzel et al., 2000; Fisher et al., 2012; Nicolodi and Gianello, 2014). Temperate rain forests are considered nitrogen-limited (Edmonds et al., 1989; LeBauer and Treseder, 2008), and for this reason studies focused on marine-derived nitrogen dynamics have been thought to be most salient on north Pacific rainforest sites (Oliver et al., 2017). However, phosphorus (Richardson et al., 2004; Kranabetter et al., 2005), calcium (Perakis et al., 2013; Trant et al., 2016), and co-limitations of calcium with nitrogen (Perakis et al., 2006; Prescott et al., 2013; Hynicka et al., 2016; Kranabetter et al., 2020), and phosphorus with nitrogen (Blevins et al., 2006), have also been implicated in limiting productivity in temperate rainforests. Assessments of soil fertility should treat soil as a complex system (Nicolodi and Gianello, 2014), and consider a suite of soil nutrients and physical characteristics that support plant growth. Soil fertility can be thought of as a set of correlated conditions that represent a “fertile state,” and is associated with high nitrogen, phosphorous, and exchangeable cation concentrations (primarily Ca2+, K+, and Mg+); moderate pH; high soil organic matter; and low iron and aluminum concentrations (Chatterjee and Clay, 2016). Salmon carcasses contain many of the elements of this set, including nitrogen and nitrogenous substances (proteins, urea, ammonium, and nitrate); organic elements such as phosphorus, sulfur and potassium (proteins); and other exchangeable cations (particularly calcium in their bones). Thus, it may be expected that salmon inputs are contributing to the transition to, and maintenance of, fertile soils.

The goal of this study was to assess the long-term effects of salmon inputs on soil in the Central Coast of British Columbia, Canada. Our objectives were to: (O1) assess whether salmon inputs are associated with changes in soil chemical properties, with particular attention given to expected changes with respect to soil fertility; and (O2) establish baselines of soil chemical properties for riparian salmon forests in the BC Central Coast region. We hypothesized that salmon would increase soil fertility, and thus predict that salmon inputs would be correlated with higher soil nitrogen and nitrogenous substances (% total N, NH4+, NO3−); higher exchangeable phosphorus (P); and higher exchangeable cations (K+, Mg2+, Na+, CEC, and Ca2+). In addition, the hypothesis of increased fertility predicts that changes in soil acidity (pH) will be moderate; ions that negatively affect plant growth such as Al3+ and Fe will decrease with salmon inputs; and soil carbon will increase. Since sulfur, manganese, iron, and zinc are also components of salmon carcasses, we predict that these will also increase with salmon inputs.

To test these predictions, two natural-experiment study designs were used to observe the effects of variation in salmon inputs. The first design used a “between watershed” approach on 23 well-studied watersheds representing a “regional gradient” of salmon density, measured as kg of salmon per meter of stream reach per year [kgsalmon/(mstream yr)] (Hocking and Reynolds, 2011). The second used a “within-watershed” approach by making “above and below” waterfall comparisons at four watersheds where waterfalls block salmon migration, and which thus representing a sharp discontinuity in MDN inputs within individual watersheds. At each site, we made 20 chemical measurements, including nitrogenous substances (total soil N, ammonium-N, and nitrate-N); phosphorus (P), and pH. We also measured carbon (%C and loss-on-ignition), sulfur (%S and extractible), and extractible manganese (Mn). Extractible cations were measured, including calcium (Ca), potassium (K), magnesium (Mg), sodium (Na), and total CEC; and metals, including extractible aluminum (Al), iron (Fe), copper (Cu), zinc (Zn), and boron (B). In order to measure changes with depth in the soil profile, samples were taken at two soil depths: 0–5 cm, representative of the forest floor and shallow soil; and 10–15 cm, representative of organic deeper layers, while staying within the zone of metabolically important fine root density. Finally, to control for the effects of litter and root exudates on soil properties, four layers of riparian vegetation were measured as covariates, including moss, herb, shrub, and tree layers, with additional covariates examined using a machine-learning approach. This study thus assesses a complex of soil chemical properties across two datasets and two soil depths to evaluate the contribution of marine-derived salmon inputs to soil fertility in the Pacific Northwest.



2 Materials and methods


2.1 Study sites and timing

The study was conducted in Haíɫzaqv (Heiltsuk) Nation territory in the Central Coast Regional District of British Columbia, Canada, near the community of Bella Bella (Supplementary Figure S1-1; Supplementary Table S1-2). These study sites are in the Central variant of the Very Wet Hypermaritime subzone of the Coastal Western Hemlock biogeoclimatic zone (CWHvh2). Dominated by a cool maritime climate with high rainfall, the landscape is a mosaic of highland bogs where water is stagnant, and forested slopes where water sheds (Lamb and Megill, 2003). The forested riparian zones are a mix of western hemlock (Tsuga heterophylla), western red cedar (Thuja plicata), Amabilis fir (Abies amabilis), and Sitka spruce (Picea sitchensis), with red alder (Alnus rubra) appearing in disturbed sites. The understory includes huckleberry and blueberry species (Vaccinium parvifolium, V. alaskensae, and V. ovalifolium), false azalea (Rhododendron menziesii), salal (Gaultheria shallon), salmonberry (Rubus spectabilis), and devil’s club (Oploplanax horridus).

Regional geology is primarily alkaline and peralkaline geochemistry (Souther, 1986), and recent glacial dynamics imply that soil formation has occurred only in the last ~14,000 years (Eamer et al., 2017). Ferro-Humic Podzols (using the Canadian classification system; World Reference Base for Soil Resources – Podsols; USDA soil taxonomy—Spodosols) dominate the broader coastal region, extending from northern Vancouver Island to the Alaskan border. The Central Coast, however, is characterized by a narrow coastal band of Folisols (WRB—Folic Histosols; USDA—Folists) that encompass the study sites (Carpenter et al., 2014). The soils found here matched these soil maps and were primarily Humic and Lignic Folisols (Organic order, Folisol great group; n = 54), with the occasional Ferro-Humic Podzol (Podzolic order, Ferro-Humic great group; n = 4; Fox et al., 1987). These Folisols were largely of homogenous organic composition down to gravel or bedrock.

A total of 23 streams were included in the study, representing a gradient of salmon density (0–67 kg salmon per meter of stream reach per year). These streams have been well studied previously (Hocking and Reynolds, 2011) and have ongoing long term (>16 years) observational time series of salmon density. Four of the 23 streams had waterfalls, which were utilized for above/below waterfall comparisons (Supplementary Figure S1-1). This study was conducted in July and August to be as distant annually from the salmon run as possible, and in order to emphasize long-term and legacy effects of salmon deposition.



2.2 Soil sampling

Two soil cores were collected from each stream, with an additional two cores above waterfalls in the four watersheds where they occurred. Samples were taken from microsites of flat, deep soil (>50 cm), within 100 m of the stream mouth, within 30 m perpendicular distance to the stream. Twenty meters from the stream mouth we entered the forest and used an opportunistic sampling protocol that attempted to keep the species of the nearest large tree balanced across the study while maintaining proximity to the stream and suitable soil depth for our sampling protocol. We sampled the first location that matched these characteristics, and then repeated the process on the other side of the stream. The average sampling location was 12.8 m from the stream. At each microsite, a small soil pit was dug to 50 cm depth and the soil profile described (Supplementary Table S2-1). GPS coordinates, distance from the stream mouth, and distance to the closest bank were recorded. Forest floors were generally dominated by decomposing moss and conifer needles. These moss and coarse litter layers were gently removed and the top 5 cm collected as a single sample (hereafter called “shallow soil”). The underlying 10–15 cm of organic soil was collected as a second sample (hereafter referred to as “deep” or “deeper soil”).



2.3 Plant community

To account for the effect of the plant community on soil chemistry, vegetation surveys were conducted at each plot. First, percent cover of each moss and herb species was visually estimated by AL in a 1 m2 plot centered on the soil core. Juvenile shrubs (<5 cm) were included in the herb layer. This resulted in an estimate for the abundance of each moss and herb species j in each plot. Second, the effect of shrubs and trees on the soil core was estimated by characterizing a larger 5 m radius circular plot around the soil core. Shrubs with height > 1 m were identified to species and their aboveground volume estimated by measuring their cubic volume ([image: image]). Their distance and bearing to the core were measured, and these figures summed to estimate the effect of each individual shrub on the soil core as a “shrub influence index,” calculated as:

[image: image]

This measurement thus attributes more “influence” on the soil core to a shrub that is larger and closer than a shrub that is smaller and further away.

Third, every tree with circumference > 2 cm in the 5 m radius plot was measured. Tree species identity, circumference, distance and bearing from the core were measured. Similar to shrubs, a “tree influence index” was calculated as:

[image: image]

with larger influence thus being attributed to trees of larger circumference closer to the soil core. Finally, for each tree and shrub species j the influence indices of all individuals in each plot were summed, giving an estimate of the aggregate effect of the influence of species j on the sampled soil core.

Principal component analysis (PCA) was used to reduce the dimensionality of these four vegetation indices (moss and herb percent cover, and shrub and tree influence indices) to use as explanatory variables in downstream multivariate ordinations, GLMs, and machine learning models. In each vegetation PCA, the variation explained and major loading for the first principal axis was: moss (36% of variation explained; positive direction along the principal axis—Rhytidiadelphus loreus); herbs (35%; positive direction—Gaultheria shallon and Blechnum spicant; negative direction—Maianthemum dilatatum and Dryopteris expansa); shrubs (34%; positive direction—Gaultheria shallon; negative direction—Rhododendron menziesii and Vaccinium sp.); trees (39% of variation; negative direction—Thuja plicata).



2.4 Soil analyses

Soil chemical analyses were carried out by the British Columbia Ministry of Environment & Climate Change Strategy Analytical Laboratory in Victoria, British Columbia, Canada. Total percent C, N, and S were volatilized via combustion and analyzed using a Thermo Flash 2000 elemental analyzer. Nitrate and ammonium were extracted with a 2 N KCl extraction (Carter and Gregorich, 2007) and analyzed using an Astoria Pacific A2 auto-analyzer. Loss on ignition (LOI) was calculated via complete combustion in an ashing furnace and measured using an analytical balance, and pH was measured with an ion meter diluted 1:1 with distilled water. All other elements were extracted using a 0.1 N Barium Chloride Extraction (Hendershot and Duquette, 1986) and/or a Mehlich III extraction (Mehlich, 1984) and analyzed with a Teledyne Leeman Prodigy ICP-OES. Soil tests, units, and methods are summarized in Supplementary Table S3-1.



2.5 Salmon density data

Annual fish count data (Supplementary material 4) were contributed by Dr. John Reynolds’ research team at Simon Fraser University, the Canadian Department of Fisheries and Oceans, and the Heiltsuk Integrated Resource Management Department. Salmon biomass for year t at site j was calculated by multiplying annual salmon escapement estimates of site j by the average biomass of the corresponding salmon species i at spawning time [image: image] Four salmon species are found at these study sites: Chum (Oncorhynchus keta), Pink (O. gorbusha), Coho (O. kisutch), and Sockeye (O. nerka); biomass estimates at spawning for Chum and Pink were taken from previous values at these sites (Hocking and Reynolds, 2011), and Coho and Sockeye were taken from an earlier study (Shaul et al., 2007). Chum and Pink accounted for the vast majority of salmon at the sites (>95% of total biomass). Annual biomass measures for each stream j were averaged over the 3 years prior to sampling (2014–2016) in order to be consistent with previous studies and because initial assessments showed this time horizon to be of higher predictive value than either averaging over the entire time series (16 years) or taking only the previous year’s abundance (2016). From these biomass estimates, density indices were calculated by dividing average biomass by the length of spawning reach of each watershed [image: image], and this metric is henceforth referred to as “salmon density.” Its units are thus [image: image].



2.6 Data analysis

Two interconnected data sets were analyzed in this study: a regional gradient of salmon density at 23 sites (“regional salmon gradient data”), and an above and below waterfalls comparison at four of these sites (“above/below waterfall data”). All statistical analyses were performed in R (R Core Team, 2019).

Given we had strong a-priori hypotheses and most of the response variables had linear responses, partial redundancy analysis (pRDA; Legendre and Legendre, 2012) was appropriate to test the relationships between explanatory variables and aggregate soil chemistry (Figure 1). This multivariate approach weighted all chemical response variables equally. For the gradient data analyses, all chemical variables were used (k = 20) and the ordination was constrained by salmon density (continuous), soil layer (2 levels: shallow soil and deeper soil) and the first axis of each vegetation PCA (continuous). For the above/below waterfall data, analysis was constrained by position relative to the waterfall (2 levels: above or below), salmon density of the stream below falls, soil layer, and the first axis of each vegetation PCA. To account for sampling structure, both site and soil core were “partialled out” as conditioning variables. Euclidian distances were used and all variables were scaled to zero with unit variance. p-values of each term represent the marginal effects of each term after all other effects are included in the model and calculated over 1,000 permutations within sampling structure constraints, and used pseudo-F statistics for comparison (Legendre et al., 2011). Non-significant response variables were then dropped in stepwise fashion using the R function ordistep, and only the reduced models are reported here (Supplementary Tables S5-1, S5-2). For all tests, the function rda was used as implemented in the R package vegan (Oksanen et al., 2022).

[image: Figure 1]

FIGURE 1
 Partial redundancy analysis ordinations for aggregate soil chemistry of A. the “regional salmon density gradient” dataset and B. the “above and below waterfall” dataset, both on the Central Coast of British Columbia, Canada. In plot (A), significant constraining response variables were salmon density, soil depth, and the first vegetation PCA axis of moss and shrubs; in plot (B), significant constraining response variables were waterfall positionality, soil depth, and the first vegetation PCA axis of moss and trees (Supplementary Tables S4-1, S4-2). This ordination uses “type II” (or “species”) scaling, and so perpendicular distances from response-variable point to the explanatory variable arrow is proportional to the variance explained by that factor.


Second, a generalized linear mixed-effects model approach was used for hypothesis testing. For the regional gradient dataset, the full model equation was Response vaiablek ~ salmon density + soil type + moss PCA1 + herb PCA1 + shrub PCA1 + tree PCA1 with soil core within site modeled as random effects. A similar model was used for the above/below waterfall data, using the full model Response vaiablek ~ Fall position (above or below) + salmon density + soil type + Fall position: salmon density, again modeling soil core within site as random effects. We modeled salmon density and the interaction term because if salmon inputs are driving changes in soil chemistry, then these changes should be higher in watersheds with more salmon, and this difference should matter below waterfalls but not above waterfalls. In all models, explanatory variables were standardized to zero mean with unit variance before fitting. Both Gaussian distributions (identity- and log-link functions), and Gamma (log-link) distributions were tested, and the model with best fit selected for use. Model assumptions, fit, and multicollinearity among explanatory variables were visually assessed via diagnostic plots generated by the performance R package. The model that best fit assumptions was manually selected (Supplementary Table S6-1) and standardized coefficients were visualized using marginal effects curves and forest plots (Figures 2–5). To help with model fit in the regional gradient dataset, 38 outliers values were removed out of 1,080 measurements, representing values from eight soil cores (Supplementary Table S7-1); analysis was repeated with these outliers left in with no qualitative differences in results. ANOVA tables are presented in Supplementary material S8 (regional gradient analysis) and Supplementary material S9 (above and below waterfall analysis); in order to visualize nonlinear relationships loess curves are also presented for the raw regional data (Supplementary Figure S10-1).

[image: Figure 2]

FIGURE 2
 Data and modeling results for percent total nitrogen, ammonium, nitrate, extractible phosphorus, and pH (rows, top to bottom). Included is the “regional gradient” dataset (columns 1 and 2) and the “above/below” waterfall data (columns 3 and 4), from the Central Coast of British Columbia, Canada. Column 1 is a scatterplot of raw data of the response variable as a function of salmon density across regional salmon density gradient. Two lines of best fit are displayed, one for each soil depth: tan represents 0-5 cm (“shallow soil”), and brown 10–15 (“deeper soil”). The lines of best fit are marginal modeling results that keeps the values of all other response variables at their mean values; hence they should be viewed as an approximation of the coefficients displayed in column 2. Column 2 are forest plots displaying standardized coefficient values from generalized linear mixed models, with significant (p < 0.05) values indicated by filled dots and 95% confidence intervals displayed. Contrast for the soil depth column uses deeper soil as a reference. Column 3 displays above and below waterfall data, with the lines of best fit similarly representing marginal fits that keep the values of all other response variables at their mean values. “Above waterfalls” are represented as black lines, and “below waterfalls” as salmon-colored lines. Plot facets are soil depth (0–5 cm = shallow soil, 10–15 cm = deeper soil), displayed with deeper soil first since shallow soil is expected to show a stronger relationship with salmon addition and to follow the same left-to-right relationship with soil density established in the first column. Contrasts are shallow soil relative to deeper soil (S:D), and below waterfalls relative to above waterfalls.


[image: Figure 3]

FIGURE 3
 Data and modeling results for percent total carbon, loss-on-ignition (LOI), total sulfur (S), extractible sulfur (S), and extractable manganese (Mn; rows, top to bottom). Included is the “regional gradient” dataset (columns 1 and 2) and the “above/below” waterfall data (columns 3 and 4), from the Central Coast of British Columbia, Canada. Column 1 is a scatterplot of raw data of the response variable as a function of salmon density across regional salmon density gradient. Two lines of best fit are displayed, one for each soil depth: tan represents 0–5 cm (“shallow soil”), and brown 10–15 (“deeper soil”). The lines of best fit are marginal modeling results that keeps the values of all other response variables at their mean values; hence they should be viewed as an approximation of the coefficients displayed in column 2. Column 2 are forest plots displaying standardized coefficient values from generalized linear mixed models, with significant (p < 0.05) values indicated by filled dots and 95% confidence intervals displayed. Contrast for the soil depth column uses deeper soil as a reference. Column 3 displays above and below waterfall data, with the lines of best fit similarly representing marginal fits that keep the values of all other response variables at their mean values. “Above waterfalls” are represented as black lines, and “below waterfalls” as salmon-colored lines. Plot facets are soil depth (0–5 cm = shallow soil, 10–15 cm = deeper soil), displayed with deeper soil first since shallow soil is expected to show a stronger relationship with salmon addition and to follow the same left-to-right relationship with soil density established in the first column. Contrasts are shallow soil relative to deeper soil (S:D), and below waterfalls relative to above waterfalls.


[image: Figure 4]

FIGURE 4
 Data and modeling results for total cation exchange capacity (CEC), and extractible cations calcium (Ca2+), potassium (K+), magnesium (Mg2+), and sodium (Na2+; rows, top to bottom). Included is the “regional gradient” dataset (columns 1 and 2) and the “above/below” waterfall data (columns 3 and 4), from the Central Coast of British Columbia, Canada. Column 1 is a scatterplot of raw data of the response variable as a function of salmon density across regional salmon density gradient. Two lines of best fit are displayed, one for each soil depth: tan represents 0-5 cm (“shallow soil”), and brown 10–15 (“deeper soil”). The lines of best fit are marginal modeling results that keeps the values of all other response variables at their mean values; hence they should be viewed as an approximation of the coefficients displayed in column 2. Column 2 are forest plots displaying standardized coefficient values from generalized linear mixed models, with significant (p < 0.05) values indicated by filled dots and 95% confidence intervals displayed. Contrast for the soil depth column uses deeper soil as a reference. Column 3 displays above and below waterfall data, with the lines of best fit similarly representing marginal fits that keep the values of all other response variables at their mean values. “Above waterfalls” are represented as black lines, and “below waterfalls” as salmon-colored lines. Plot facets are soil depth (0–5 cm = shallow soil, 10–15 cm = deeper soil), displayed with deeper soil first since shallow soil is expected to show a stronger relationship with salmon addition and to follow the same left-to-right relationship with soil density established in the first column. Contrasts are shallow soil relative to deeper soil (S:D), and below waterfalls relative to above waterfalls.


[image: Figure 5]

FIGURE 5
 Data and modeling results for extractible aluminum (Al3+), extractible iron (Fe), extractible copper (Cu), extractible zinc (Zn), and extractible boron (B; rows, top to bottom). Included is the “regional gradient” dataset (columns 1 and 2) and the “above/below” waterfall data (columns 3 and 4), from the Central Coast of British Columbia, Canada. Column 1 is a scatterplot of raw data of the response variable as a function of salmon density across regional salmon density gradient. Two lines of best fit are displayed, one for each soil depth: tan represents 0–5 cm (“shallow soil”), and brown 10–15 (“deeper soil”). The lines of best fit are marginal modeling results that keeps the values of all other response variables at their mean values; hence they should be viewed as an approximation of the coefficients displayed in column 2. Column 2 are forest plots displaying standardized coefficient values from generalized linear mixed models, with significant (p < 0.05) values indicated by filled dots and 95% confidence intervals displayed. Contrast for the soil depth column uses deeper soil as a reference. Column 3 displays above and below waterfall data, with the lines of best fit similarly representing marginal fits that keep the values of all other response variables at their mean values. “Above waterfalls” are represented as black lines, and “below waterfalls” as salmon-colored lines. Plot facets are soil depth (0–5 cm = shallow soil, 10–15 cm = deeper soil), displayed with deeper soil first since shallow soil is expected to show a stronger relationship with salmon addition and to follow the same left-to-right relationship with soil density established in the first column. Contrasts are shallow soil relative to deeper soil (S:D), and below waterfalls relative to above waterfalls.


Next, an exploratory approach was used to examine a broader set of explanatory variables in the gradient dataset. A random forest model was built for each response variable using the caret and randomForest R packages (Liaw and Wiener, 2002; Kuhn, 2008). 19 explanatory variables were used, including: salmon density, distance of the sampling point from the stream, soil depth, percent cover of coarse woody debris in a 5 m radius (CWD), species of the nearest large tree (FT), and the first two PCA axes of mosses, herbs, shrubs, and trees. Standardized importance coefficients for each explanatory variable (columns) from each model (rows) were then visualized using a heatmap (Figure 6). These coefficients estimate the importance of the explanatory variables in predicting response variables, but cannot estimate the direction of effects.
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FIGURE 6
 Random forest model for all chemical response variables as a function of an extended set of explanatory variables. For each row, yellow denotes a high importance attributed to that response variable and dark blue a low importance. “Salmon density” is the salmon density index of the site; “distance from stream” is the perpendicular distance of each soil core from the stream; “soil depth” is a categorical variable denoting soil depth with two levels: 0–5 cm (shallow) and 10–15 cm (deep).





3 Results


3.1 Aggregate soil chemistry

In the regional gradient data set (Figure 1A), salmon density, soil depth, and the first moss and shrub principal component (PC) axes were found to affect aggregate soil chemistry (p = 0.001, Supplementary Table S5-1). The first herb and tree PC axes were found to not be significant and hence were dropped from the model. 28% of the variance was accounted for by the reduced model, and variance inflation factors (VIFs) among explanatory variables was low (<1.5). In this ordination, salmon density had a smaller effect than the other explanatory variables (length of arrows in biplot), but was associated with nitrogenous substances, P and S (perpendicular distance of each point from arrows indicate the associated effect size on that response variable).

Similarly, in the above/below waterfall data (Figure 1B), position relative to the waterfall; soil depth; the first moss PC axis; and the first tree PC axis had significant effects on aggregate soil chemistry (p = 0.001; Supplementary Table S5-2). Salmon density, and the first herb and shrub PC axes were not significant and hence dropped from the model. 39% of the variance was accounted for by the reduced model and VIFs among explanatory variables was low (<1.3). In this ordination, plot location relative to falls had a large effect relative to the other explanatory variables, and was related to sodium, magnesium, sulfur, phosphorus, nitrogenous substances, and pH.



3.2 Individual GLMs

For this discussion, we refer to effects with p-values less than 0.05 simply as “changes,” effects with p-values between 0.1 and 0.05 as “trends,” and changes with p-values that are greater than 0.1 as “tendencies.” While we make a large number of comparisons, we also have strong a-priori predictions and multiple experimental designs; to aid interpretation, we present confidence intervals alongside raw data (Amrhein et al., 2019; Halsey, 2019).


3.2.1 Nitrogenous compounds

Nitrogenous substances were predicted to increase with salmon inputs (Figure 2, rows 1–3). Along the regional gradient of salmon density, total N did not change, ammonium tended to increase, and nitrate increased. Similarly, in the above/below waterfall comparisons, total N was higher below than above waterfalls, although this was independent of the magnitude of salmon density below falls. Ammonium was higher below than above waterfalls, and this was higher when there was more salmon in the watershed. Finally, nitrate was higher above falls when salmon were present, but there was no difference when salmon were not. In general, there was no change in total N or nitrate with soil depth, but ammonium tended to be higher in shallower soil.



3.2.2 Phosphorus and pH

It was predicted that extractible phosphorus would increase with salmon inputs (Figure 2, rows 4). P had an increasing tendency with salmon inputs along the regional gradient, but was not higher below than above waterfalls. There was, however, a positive tendency with salmon density below waterfalls but not above waterfalls. Phosphorus tended to be higher in shallow soil than deeper soil.

It was predicted that an increase in pH (less acidic) would be associated with higher soil fertility. pH showed no consistent response to salmon inputs along the regional gradient (Figure 2, rows 5). There was, however, a tendency for pH to be lower below waterfalls than above waterfalls. In both datasets, shallower soil had higher pH than deeper soils.



3.2.3 Carbon, sulfur, and manganese

No predictions were made for changes in soil carbon due to salmon inputs, aside from the expectation that higher soil carbon tends to be associated with higher soil fertility. Soil carbon, as measured by both %C and loss-on-ignition (LOI), was neither affected by salmon density nor by position relative to waterfalls (Figure 3, rows 1 and 2). Carbon content was both higher and less variable in shallower soils than deeper soil, and was impacted by both the moss and shrub communities.

Sulfur (Figure 3, rows 3 and 4) was predicted to increase with salmon inputs due to direct deposition from carcasses. Both total and extractable sulfur showed no trend along the regional salmon density gradient. The above and below waterfall comparison is more complex: total sulfur was found to be higher below waterfalls, but this was unrelated to salmon density. Extractible sulfur showed the opposite trend, and was lower below than above waterfalls, and in addition was affected negatively by salmon density. This density effect to be driven by above-falls sites where there were no salmon, and declines in extractible sulfur were lower in below-falls sites. In both datasets, total S was unaffected by soil depth while extractible sulfur was higher in shallow soil than deeper soil.

Due to being present in salmon carcasses, manganese (Figure 3, row 5) was predicted to increase with salmon inputs. This element had an increasing trend with salmon density across the regional salmon density gradient, and this was driven mostly by changes in shallow soils. However, it had a tendency to be lower below waterfalls than above waterfalls. It was higher in shallow soil than deeper soil.



3.2.4 Exchangeable cations

Cation exchange capacity (CEC; Figure 4, row 1) was predicted to increase with salmon inputs. It showed, however, no change along either the salmon density gradient and only a small tendency to be higher below falls. CEC was found to be higher in shallow soil than deeper soils, and in the regional dataset was shown to be affected by the moss and shrub communities.

The preponderance (about half) of the extractible cations measured was calcium, which was predicted to increase with salmon inputs due to direct deposition from Ca in salmon bones and cartilage. Indeed, calcium had an increasing tendency with salmon inputs along the regional gradient, and was higher below than above waterfalls (Figure 4, row 2). In both cases, calcium was higher in shallow than deeper soil. Interestingly, in shallow soil a U-shaped response was seen with respect to salmon density where Ca declined with salmon density at low to medium densities, and increased at higher input levels (Supplementary Figure S10-1). Calcium also tended to be affected with the tree community, and had a tendency to be affected by the herb community.

Similar to calcium, potassium (Figure 4, row 3) was predicted to increase with salmon inputs. Contrary to this expectation, potassium had a declining tendency with salmon inputs along the regional gradient, and tended to be lower below than above waterfalls. There was also some tendency for more negative slopes with respect to salmon density below than above waterfalls, particularly in shallow soil. Potassium was higher in shallow than deeper soil, and in the regional data it was affected by the moss community. Magnesium (Figure 4, row 4) was predicted to increase with salmon inputs. However, magnesium decreased along the regional salmon density gradient; and while higher below than above waterfalls, it had a tendency to decrease with salmon density below waterfalls but showed no change above. Since sodium is not an appreciable part of salmon carcasses, we made no strong predictions regarding its correlation with salmon inputs. Sodium (Figure 4, row 5) was similar to magnesium and decreased with increasing salmon inputs along the regional density gradient and, while it was higher overall below than above waterfalls, it had a negative slope associated with salmon density below falls but a constant slope above.



3.2.5 Metals

High levels of exchangeable aluminum are toxic to plants, and so consistent with our hypothesis of increased fertility Al was predicted to be lower in more salmon-amended soils. Our findings for aluminum are mixed; it had a tendency to increase with salmon density along the regional gradient, but was lower below than above waterfalls (Figure 5, row 1). Among the waterfall sites, there was a tendency for Al to be negatively correlated with salmon density; however, this was driven mainly by the above-falls samples where there were no salmon. Finally, Aluminum was consistently lower in shallower soil, and was affected by the moss community.

Since iron has similar soil chemistry to aluminum, it was predicted to act similarly to salmon inputs. Unlike aluminum, however, iron is present in salmon carcasses so was additionally predicted to increase due to direct deposition. Exchangeable iron did not change in response to salmon inputs along the regional gradient (Figure 5, row 2), but our waterfall data are more complex: it tended to be higher above than below waterfalls over most of the salmon density range, but due to having a negative slope above falls this relationship flips at high levels of salmon input.

No predictions were made for copper, but it was found to have a positive trend with salmon inputs along the regional gradient (Figure 5, row 3). However, while it had a tendency to be lower below than above waterfalls, it had tendency to increase with watershed salmon density below, but not above, waterfalls. Copper was higher in shallow than deeper soil. Zinc was predicted to be associated with salmon density due to direct deposition from carcasses. It had a positive tendency with salmon inputs along the regional gradient (Figure 5, row 4), and a positive tendency with salmon inputs below more than above waterfalls. Zinc was higher in shallow than deeper soil, and tended to be affected by the moss and tree communities. Finally, no predictions were made for boron (Figure 5, row 5), and boron did not respond to salmon inputs or position relative to waterfalls. It was higher in shallower than deeper soils.




3.3 Exploratory analysis

Random forest models are useful for providing a broad overview of associations between response and explanatory variables, however, they do not allow for interpretation of the direction of effects but only their “importance” as a classifier in the regression tree (Cutler et al., 2007; Boulesteix et al., 2012). In this context, the most important factors overall were soil depth, the two axes of the moss PCA, and the first axis of the shrub PCA (Figure 6). Focusing on salmon density, it was of highest importance in phosphorus, the nitrogen compounds, total sulfur, calcium, and magnesium—all elements found in salmon carcasses. In addition, distance from the stream was associated with these elements as well as with zinc and copper. These results corroborate the multivariate results that soil depth is the most important factor associated with soil chemistry, followed by the moss and shrub communities, and then salmon density and distance from the stream.




4 Discussion

The first goal of this study was to assess the long-term effects of salmon inputs on soil chemistry. In order to assess this, we employed two experimental designs: first, a between-watershed comparison along a regional gradient of salmon density, and second, a within-watershed comparison at sites below and above waterfalls that block salmon migration. There are advantages and disadvantages to each approach. The regional approach is spatially broad but may confound effects from salmon inputs with watershed-level effects that correlate with salmon density (for example, larger streams have more salmon but also gather water and nutrients from larger watersheds), or with spatial correlations across the landscape (here we treated all watersheds as independent). In addition, since this was a natural experiment and we were confined to using streams with long-term salmon counts, our final dataset had many “low salmon density” sites, but only two “very high” density sites. This left a gap in salmon density between 30 and 60 kg/m of stream per year, which results in high leverage attributed to high-density sites in the models used here. On the other hand, the above- and below-waterfall design experimentally controls for these regional and watershed-level effects since comparisons are made within watersheds. However, this methodology confounds salmon inputs with topographical, geological, and edaphic factors that coincide with waterfall presence. Given these caveats, in the discussion below we ascribe highest confidence to findings where the two methodologies agree.

From a multivariate perspective, it was found that salmon inputs along a gradient of salmon density were correlated to changes in aggregate soil chemical profiles (Figure 1A; Supplementary Table S5-1), and that sites below waterfalls were different than sites above waterfalls (Figure 1B; Supplementary Table S5-2). Taken together, these findings are consistent with salmon inputs changing the aggregate soil chemistry at these sites.

It was further predicted that these changes would be consistent with increased site soil fertility, and that salmon inputs would result in increased nitrogen loading. This was confirmed for ammonium-N and nitrate-N, which both increased with salmon density along the regional gradient and were higher below than above waterfalls. Percent soil nitrogen was also higher below than above waterfalls, however this was not sensitive to the density of salmon. This may imply that higher below-waterfall total N is the result of edaphic factors other than salmon inputs, such as being flatter and lower nutrient-receiving sites. Interpretation of total %N is complicated by the fact that the data previous findings on these streams (Hocking and Reynolds, 2011) demonstrate a shift in the plant community to more nitrophyllic assemblages with increased salmon inputs. Together with evidence for greater plant production and biomass associated with salmon (Sayer, 2008; Quinn et al., 2018; Siemens et al., 2020), it is probable that deposited nitrogen accumulates in the above-ground rather than below-ground compartments, and thus %N in the soil does not change; to resolve these questions a more comprehensive approach to measuring whole-ecosystem N stocks is needed. Given that salmon-derived nitrogen is primarily delivered in soluble ammonium and nitrate form (Drake et al., 2005), the stronger response in these chemicals over %N is consistent with expectations from salmon inputs. Assuming that nitrogen is a limiting nutrient in this system (LeBauer and Treseder, 2008), these results are consistent with our expectation that there is an increase in soil fertility with salmon input.

Phosphorus by mass is the second most important plant nutrient next to nitrogen (Strawn et al., 2020) and is important in plant enzymatic, nucleic acid, and photosynthetic health (Maathuis, 2009). Phosphorus was predicted to increase with salmon inputs, as P has been positively associated with salmon inputs in previous studies (Drake et al., 2005; Hood et al., 2019; D’Amore et al., 2020). Approximately half the phosphorus in salmon carcasses is found in the skeleton, and half in soft tissue (Drake et al., 2005). Hence it could be expected to enter the soil in both inorganic (skeletal) and organic (soft tissue) forms, and this has been found in the water column (Hood et al., 2019). We found only limited evidence for exchangeable-P increasing with salmon inputs. This lack of strong evidence may be because phosphorus is less mobile in the soil profile than nitrogen, and is thus more spatially variable than other elements given the “patchy” underlying distribution of salmon carcasses. Alternatively, this lack of response may also be because inorganic extractible phosphorus, as measured here, may not be the most relevant phosphorus fraction to measure in these soils where organic-P is likely the dominant form of phosphorus due to their extremely low pH (Turner and Blackwell, 2013; Penn and Camberato, 2019). With regards to soil fertility, organic-P amendments are more effective in increasing plant-available P in acidic soil environments than inorganic-P amendments (Chen et al., 2018), and organic-P may be the main driver of tree fertility elsewhere in Pacific Northwest forests (Collins et al., 2015; Kranabetter et al., 2020). Future studies focusing on phosphorus and salmon inputs should measure a more comprehensive suite of phosphorus forms in order to resolve these questions.

On a large geographic scale, pH is perhaps the most important single soil character for determining soil fertility (Strawn et al., 2020). Moderate pH around 7 is associated with more fertile soils, with extremes of acidity or alkalinity leading to nutrient assimilation problems and/or plant toxicity. Soils undergoing high levels of nitrogen fertilization can become acidified through the release of hydrogen ions from the oxidation of ammonium (NH4+) to nitrate (NO3−; Gao et al., 2015; Tian and Niu, 2015). This nitrogen-driven acidification can reduce soil fertility, as low pH (in the range found here) is associated with aluminum toxicity in agricultural soils (Fenn et al., 2006; Zhao and Shen, 2018), and decreased stocks of exchangeable cations such as calcium due to nitrate-assisted co-leaching in regions of high rainfall such as the Central Coast (Perakis et al., 2013; Brady and Weil, 2016). In agricultural and forest settings, these negative effects can be caused by nitrogen deposition at similar or lower deposition rates than those estimated for MDN inputs (Tian and Niu, 2015). Here we found no change in pH attributable to increased salmon inputs along the regional salmon density gradient, and the tendency for pH to be lower below falls was found to be independent of the degree of salmon presence in the watershed. The lack of soil acidification despite high levels of N input may be because salmon nitrogen arrives in a diversity of organic forms, such as the proteins and amino acids found in salmon carcasses, which are more complex than inorganic additions and less likely to induce soil acidification (Chen and Xu, 2008). For this reason, the addition of nitrogen from salmon carcasses proper may be qualitatively different than the addition of inorganic nitrogen in forest fertilization strategies, or in “carcass analog” that have been used in some systems to offset salmon declines in the Pacific Northwest (Pearsons et al., 2007; Kohler et al., 2012). Inorganic N-amendment analogu may thus be poor stand-ins for salmon carcasses, at least with regards to forest soil, and investigations into compensatory approaches should consider the use of organic-N amendments, such as fish silage (Prescott, 1997), instead of inorganic additions.

High organic matter content in agricultural soils is thought to be closely related to soil fertility, and is important in influencing almost all other soil processes (Dhaliwal et al., 2019). Soil carbon is of considerable importance in climate change mitigation strategies, and understanding factors affecting soil carbon sequestration can maximize value emerging from carbon credit projects. In the short term, nitrogen fertilization is thought to increase ecosystem metabolism and reduce soil C (Gao et al., 2014), but in the medium to long term the opposite occurs and N addition is associated with increased soil C (Zang et al., 2016; Huang et al., 2020); this response however is complex and depends on context (Allison et al., 2009). Total %C and loss-on-ignition (LOI) in this study was largely unaffected by salmon inputs. We found some evidence for a higher %C below falls, but this had a decreasing, not increasing, tendency with salmon inputs. Given this, the most likely interpretation is that salmon inputs either have no effect or a small negative effect on percent soil carbon. Similar to nitrogen however, carbon stocks are influenced by aboveground biomass quality and quantity, and so total ecosystem carbon stocks and not simply soil %C should be measured in a comprehensive assessment to clarify carbon processes. Given higher aboveground biomass associated with salmon inputs shown in other studies, it is probable that despite our finding of stable soil %C there are nevertheless ecosystem-level carbon sequestration benefits arising from salmon inputs. This is consistent with the high %C found here relative to regional soils (Carpenter et al., 2014), which underscores the importance of these riparian rainforests as high-priority carbon sinks in a global context (Post et al., 1985; Buotte et al., 2020).

Sulfur is another essential macronutrient for plant function, and is necessary for protein synthesis and important in the production of phytochelators which detoxify metals and metalloids (Maathuis, 2009), activities that are particularly important in buffering plant function in acidic soil (Zhao et al., 2014, p. 201). Our findings on the correlation of salmon inputs and sulfur were mixed: %S and extractible sulfur were not correlated with salmon density across the regional gradient; and %S was found to be higher but extractible sulfur lower below waterfalls. This lack of consistency in our results is surprising since sulfur is directly deposited by salmon carcasses (Drake et al., 2005). Similar to phosphorus, this sulfur is primarily of organic nature, which is less mobile than inorganic sulfates (Wilhelm Scherer, 2009), and thus less likely to be displaced in the soil profile or leached from the system. Regardless, given that sulfate is the stable oxidation state and reservoir of exchangeable S in aerobic soils, and both retention and plant availability of sulfate anions is generally high in acidic soil environments (Strawn et al., 2020), sulfur deficiency is unlikely at these sites and any possible inputs are thus of limited importance to site fertility.

Manganese is involved in redox biochemistry in both soil and plants, particularly in the oxidative decomposition of carbon by Mn-peroxidase, and temperate rainforest fungal communities and soil C-cycling are sensitive to manganese amendments (Kranabetter, 2019; Kranabetter et al., 2021). Soil extractible manganese levels found here are largely unaffected by salmon inputs. Despite this, manganese is a component of salmon carcasses, and manganese in these samples is indeed related to changes in the fungal saprophytic community (Larocque, 2022). It is thus possible that manganese from salmon inputs is simply be taken up by the plant and fungal community and not present in the soil profile.

Cation exchange capacity (CEC) is a measure of the number of exchangeable cations that a soil can adsorb, and hence is a measure of the soil’s net capacity to retain positively charged particles strongly enough to prevent leaching, but loosely enough to be available for plants. Since many cations are important for biological functioning (NH4+, Ca2+, Mg2+, K+), high CEC is generally associated with soil fertility. While CEC overall did not change with increased salmon inputs, loess plots indicate compensatory responses between soil layers (Supplementary Figure S10-1), pointing to increased eluviation from shallow to deeper soil layers at low to medium levels of salmon input which is consistent with nitrogen-associated co-leaching. At very high levels of salmon input this relationship reverses, which is consistent with accumulation via direct deposition from carcasses. Since CEC is an aggregate measure, the apparent stability of CEC may disguise underlying dynamics in the individual cation species (Ca2+, K+, Mg2+, and Na+).

Calcium is important in maintaining plant structural integrity and cellular messaging, and has been suggested to be a limiting nutrient in coastal systems (Trant et al., 2016), in particular for western redcedar and associated plants. Ca2+ is intimately associated with N cycling (Perakis et al., 2006; Hynicka et al., 2016) and generally shows an inverse relationship with NO3− addition, with co-leaching of NO3− anions and Ca2+ cations the most commonly suggested mechanism (Strawn et al., 2020). Calcium had an increasing tendency along the regional salmon density gradient, and was higher below than above waterfalls. The unimodal response in shallow soil loess curves (Supplementary Figure S10-1) is consistent with the occurrence of two simultaneous mechanisms—increased nitrogen-associated leaching, which dominates shallow soil at low to medium salmon densities, and direct deposition of Ca from salmon bones and cartilage, which dominates at high levels of salmon input.

Potassium is important in maintaining plant turgor pressure and osmotic potential, cellular signaling, and the activation of numerous enzymes (Maathuis, 2009), and is considered the third most important macronutrient in plants after nitrogen and phosphorus (Pandey et al., 2020). Magnesium, meanwhile, has a central role in the chlorophyll molecule, and is also important as a enzymatic cofactor in both transcription and translation (Maathuis, 2009). Sodium has a variety of roles in plant metabolism, including acting to maintain turgor pressure and as a transport cation (Subbarao et al., 2003). Here the preponderance of evidence is that potassium, magnesium, and sodium declined with salmon inputs. This is consistent with the model of simultaneous leaching and deposition suggested above, since salmon carcasses deposit potassium and magnesium (K+, Mg2+), but do so in lower concentrations than calcium (Drake et al., 2005). As a group, K+, Mg2+, and Na2+ tended to decrease with salmon inputs, while Ca2+ overall increased; this is consistent with nitrogen-assisted cation leaching in these soils, with the caveat that calcium losses are replaced via carcass deposition. This process is also consistent with the relatively steady CEC observations in this and other studies, and may thus represent a long-term “calcium pump” where potassium, magnesium, and other cations are slowly displaced by calcium in the soil profile over time. This could have mixed effects on site fertility depending on context, but here is likely positively correlated with fertility since high calcium is associated with greater tree biomass in nearby areas due to anthropological soil amendments from shellfish harvesting (Trant et al., 2016; Cox et al., 2020), particularly large old-growth redcedar trees (D’Amore et al., 2009).

Turning to the metals, higher aluminum and iron concentrations are associated with poor soil fertility. Extractible aluminum had a positive trend along the regional gradient, but this was driven mainly by extreme values in the high-density sites. It was lower below than above waterfalls, and we found some evidence of a declining trend with salmon density differences above, but not below, waterfalls. Iron showed no relationship with salmon density across the regional gradient, and similar relationships as aluminum above and below waterfalls (Figure 5, row 2). Given full consideration, this is poor evidence for a strong relationship between aluminum and iron and salmon inputs, and it is unlikely that any fertility differences due to salmon inputs are associated with these metals.

Zinc plays several roles in plant physiology, including phospholipid structure, photosynthesis, protein synthesis, and tolerance to drought and disease (Noulas et al., 2018). Zinc had an increasing tendency across the regional salmon density gradient, and had a tendency to be higher below than above waterfalls when salmon were present but not when they were absent. Copper behaved similarly in response to salmon inputs, and also has a number of physiological roles in plants, including as a cofactor in protein synthesis and transportation pathways (Yruela, 2005), and has also been shown to be a predictor of soil microbiome community structure in maize soils (Peng et al., 2022) and in the samples examined here (Larocque, 2022). Copper is stabilized by soil organic matter (Dhaliwal et al., 2019), and has been shown in agroforestry systems to accumulate in response to organic fertilizer application (Roussos et al., 2017) such as fish. Boron, meanwhile, showed no response to salmon inputs (Figure 5, row 5). Taken together, these findings demonstrate that salmon have impacts on soil micronutrient as well as macronutrient concentrations, and this should be considered in future literature.

The primary goal of this study was to measure the effect of salmon inputs on soil chemistry. We hypothesized that salmon would increase soil fertility, and thus predicted that salmon would affect the suite of measured soil chemical properties to a more “fertile state.” These predictions were largely corroborated, with salmon increasing nitrate and ammonium, but not total soil %N; limited evidence for increases in exchangeable phosphorus; and no strong evidence for changes in pH. In addition, there was no strong relationship between Al and Fe and salmon inputs; no changes carbon; and some increases in micronutrient concentrations. We also found CEC to remain stable in response to salmon inputs, but found there were changes in underlying soil cation balance as calcium increased and other ions decreased with salmon inputs. In general, this increase in fertility-associated metrics with salmon density found here are compatible with fish silage fertilization experiments in cedar-hemlock forests from Northern Vancouver Island (Weetman and Prescott, 2000; Blevins et al., 2006), where additions of fish silage resulted in positive growth responses in western redcedar, western hemlock and Amabilis fir; these responses were similar or superior to inorganic fertilizer applications (Prescott, 1997). They are also consistent with findings that show increased plant and fruit growth in response to salmon inputs (Sayer, 2008; Quinn et al., 2018; Siemens et al., 2020). Taken together, this supports the hypothesis of salmon inputs increasing the fertility at these sites.

Overall, it is likely that the organic amendments brought by salmon are processed differently than inorganic amendments in forest soils (Chen et al., 2018), and so agricultural models of soil health may be inappropriate in acidic and organic-rich forest soils such as those found in temperate rainforests. Our understanding of these processes may be enhanced by improved general understanding of how acidic organic soils work, better understanding of microbiome nutrient transformations, and by directly measuring deposition and uptake of salmon inputs, including amino acids (Metcalfe et al., 2011), organic phosphates, and lipids (Dinel et al., 1990). Effects of salmon fertilization will be mediated by local edaphic conditions and soil communities, and different soils and soil ecologies may respond differently to these inputs (D’Amore et al., 2011). This may account for differences and resolve controversy found between studies that span a large geographic and edaphic range.

This study was conducted in the late summer in order to be as distant in the annual round from the salmon run as possible in order to focus on the medium- and long-term legacy effects of salmon inputs. A tradeoff of this approach is the potential influence of seasonal effects, particularly late-summer drought, to confound these results. At the time of sampling, many of the more soluble nutrients deposited by salmon may already have been taken up by plants or leached from the system. These findings should thus be regarded as a lower bound for “salmon effects” on soil conditions, and greater impacts should be expected to be found in times more proximate to the salmon run. Similarly, it is likely that the ephemeral nutrient hotspots directly under carcasses represent different processes than those measured here, and this should be investigated using an appropriate experimental design.



5 Conclusion

Overall, this study represents the most comprehensive investigation of the effect of salmon inputs on riparian soil to date. It adds a suite of soil characteristics to the growing list of “salmon-sensitive” ecological features (Walsh et al., 2020), supports the hypothesis that salmon inputs improve the fertility of recipient sites, and may help explain mechanisms behind changes in plant community composition (Hocking and Reynolds, 2011) and physiology (van den Top et al., 2018; Siemens et al., 2020). These findings provide further evidence for increased nitrate and ammonium inputs from salmon and are consistent with an interpretation of fertility gain at these sites.
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