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Abstract

As tall shrubs increase in extent and abundance in response to a changing climate, they 

have the potential to substantially alter ecosystem nutrient availability and carbon (C) balance. 

Siberian alder (Alnus viridis ssp. fruticosa), a nitrogen (N) fixing shrub, is among the species 

responding to climate warming in both the Arctic and boreal forests. Alder-fixed N has the 

potential to increase decomposition of labile C, by relieving N limitation on microbial activity. 

Simultaneously, it has the potential to decrease decomposition of recalcitrant C by 

downregulating microbial N mining. The net effect of N additions is influenced by the relative 

quality of the soil C and could determine whether alder N additions result in a net sink or source 

of C to the atmosphere. We measured the activities of three extracellular enzymes in bulk 

organic soils under and away from alder canopies, in stands differing in soil organic matter 

quality, in both arctic and boreal forest regions of Alaska, USA. In the Alaskan arctic, the 

proximity of alder increased the activities of both recalcitrant and labile C-degrading enzymes 

regardless of soil C quality, potentially resulting in increased C losses. In the boreal forest, 

enzyme activities did not differ with alder proximity nor stand soil C quality, possibly due to long 

legacies of alder N inputs relieving microbial N limitation in these stands. As arctic and boreal 

forest ecosystems experience shifts in the distribution and abundance of this N fixing shrub, 

alders' influence on soil decomposition could have significant consequences for high latitude 

soil C budgets.
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1 Introduction

Increased growing season length and higher average temperatures have contributed to 

the expansion of large woody shrubs throughout the Arctic and Subarctic. This expansion has 

been linked to several hypothesized positive and negative feedbacks to climate warming. 

However, quantifying the net effect of these processes on ecosystem carbon (C) budgets is 

complicated by the fact that increases in shrub production and biomass, as well as rates of soil 

decomposition, are responding simultaneously to the same driving variables, including 

increases in snow cover, soil temperatures, and nutrient mineralization rates (Chapin et al., 

2005; Salmon et al., 2016; Sturm et al., 2005). Many of these climate feedbacks hinge on 

changes in the availability of nitrogen (N) and to a lesser extent phosphorus (P), which have 

been shown to limit plant growth in arctic and boreal ecosystems (Chapin, 1991; Chapin et al., 

1986; Menge et al., 2012; Shaver & Chapin, 1986). The N-fixing shrub Siberian alder (Alnus 

viridis ssp. fruticosa) (hereafter referred to as alder) makes up a significant fraction of recent tall 

shrub expansion in the Arctic (Frost et al., 2013; Lantz et al., 2010; Sturm et al., 2005; Tape et 

al., 2006). Throughout the boreal forest, climate warming and changes in disturbance regimes, 

most notably fire and permafrost thaw, are also driving increases in alder distribution and 

abundance (Houseman et al., in review; Lantz et al., 2010; Mitchell & Ruess, 2009). Being host 

to N-fixing Frankia bacteria, alder are a significant source of bioavailable N in both arctic and 

boreal systems (Hobbie et al., 2002; Mitchell & Ruess, 2009; Salmon et al., 2019). In these 

largely N-limited ecosystems, alder-fixed N can alleviate a key constraint on both plant growth 

and decomposition and subsequently play a major role in regulating ecosystem C balance.

While rates of ecosystem N input by alder have been measured (M. D. Anderson et al., 

2004; Houseman et al., in review; Salmon et al., 2019; Uliassi & Ruess, 2002), effects of this 

fixed N on soil decomposition processes remain unresolved, despite the pronounced and often 

contrasting effects of experimental N additions on soil C stocks (Mack et al., 2004; Neff et al., 
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2002; Sinsabaugh et al., 2002). Two mechanisms have been proposed to explain how N 

additions influence the decomposition of soil organic matter (SOM). The stoichiometric 

mechanism proposes that by relieving the key limiter on microbial activity, N additions increase 

decomposition of labile C leading to a decline in soil C stocks (Sinsabaugh & Follstad Shah, 

2011). The N mining mechanism predicts that increased N availability reduces decomposition of 

recalcitrant C and thereby increases total soil C stocks via the downregulation of lignolytic 

enzymes that microbes produce to obtain N from recalcitrant SOM (Craine et al., 2007; 

Moorhead & Sinsabaugh, 2006). It has been demonstrated that these two processes occur 

simultaneously, in labile and recalcitrant soil fractions, respectively (Neff et al., 2002), with the 

ratio of recalcitrant to labile C being a key control over which mechanism determines the net 

influence on soil C stocks. If the ratio of recalcitrant to labile C is low, the increase in labile 

decomposition associated with the stoichiometric process outweighs the reductions in 

recalcitrant decomposition from reduced N mining, resulting in net C loss. The opposite is true 

when the ratio of recalcitrant to labile C is high (Fog, 1988; Milcu et al., 2011; Moorhead & 

Sinsabaugh, 2006; Sinsabaugh, 2010; Sinsabaugh & Follstad Shah, 2011; Sinsabaugh et al., 

2005).

If alder N inputs are influencing soil decomposition processes, we might expect the 

dominant decomposition mechanism, and potentially the net influence on C balance, to vary 

spatially in accordance with site-level differences in nutrient availability and C quality. In the 

Arctic, alder is relatively uncommon, and is typically distributed in patches associated with 

disturbances that expose mineral soil (Frost et al., 2013; Swanson, 2015; Tape et al., 2012; 

Tape et al., 2006). Some of these alder patches are experiencing rapid increases in distribution 

and density (hereafter expanding sites), whereas others have experienced little or no change 

over the past 50 years (hereafter stagnant sites) (Frost et al., 2013; Myers-Smith et al., 2015; 

Tape et al., 2012; Tape et al., 2006). Due to the relatively high quality (Buckeridge et al., 2010; 

DeMarco & Mack, 2015) and quantity of alder and other shrub litter (DeMarco et al., 2014), 
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expanding sites likely have higher SOM quality than stagnant sites. If the alder effect on 

decomposition differs between expanding and stagnant sites, the C budget of a future, 

shrubbier, Arctic could be substantially impacted.

Compared to the Arctic, Siberian alder is more common in the boreal forest uplands, 

where following wildfire, alder frequently colonizes early successional stands and often persists 

as a dominant understory shrub throughout forest succession (Mitchell & Ruess, 2009; Viereck 

et al., 1983). In response to climate change, fires in interior Alaska have increased in size, 

frequency, and intensity (Calef et al., 2015; Kasischke et al., 1995; Kasischke et al., 2010). 

These high severity fires can expose mineral soils, create more opportunities for alder 

colonization, and trigger a transition from stands dominated by spruce (Picea mariana and P. 

glauca) to deciduous species (Populus tremuloides and Betula neoalaskana) (Johnstone et al., 

2016; Johnstone et al., 2010a; Johnstone et al., 2010b). Conifers and deciduous trees differ in 

litter quality and quantity, both in terms of nutrient content and C recalcitrance, with relatively 

higher quality litter in deciduous species (Alexander & Mack, 2016; Flanagan & Van Cleve, 

1983; Laganiere et al., 2010; Melvin et al., 2015; Vance & Chapin, 2001). If the influence of 

alder on soil decomposition differs between these two stand types, alder N additions could have 

a fundamentally different effects on C cycling in a future boreal forest dominated by deciduous 

tree species with a dense understory of alder.

In both biomes, the stoichiometric and N mining mechanisms represent opposing 

feedbacks to climate warming, where alder N stimulates net C release (stoichiometric) from or 

sequestration (N mining) to soil pools. Given that high latitude soils store 30% of the global near 

surface reactive C (Schuur et al., 2015), and are experiencing an increase in the abundance of 

alder, the dominant decomposition mechanism could have a large influence on the fate of that 

soil C. However, N additions also stimulate primary productivity, which, by storing C in plant 

biomass, can act as a negative feedback to climate warming (Alexander & Mack, 2016; Mack et 

al., 2004; Melvin et al., 2015). By providing available N, alder is likely to influence C 
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accumulation in both biomass and soil pools, in potentially opposing ways. In both the Arctic, 

where alder is becoming more abundant, and the boreal forest, where novel fire regimes are 

shifting the vegetation landscape, alder influence on nutrient availability could have important 

consequences for these rapidly changing ecosystems.

We set out to examine the influence of alder on the activities of three extracellular soil 

enzymes (two C and one P mobilizing) and to assess whether these effects varied among stand 

types of differing SOM quality in both boreal and arctic ecosystems. We measured the activities 

of β-glucosidase (BG) and phenol oxidase (PO) as indices of labile and recalcitrant C 

decomposition, respectively, and acid phosphatase (AP) as an index of P mobilization, as P 

limitation has been shown to increase in alder stands (Hobbie et al., 2002; Ruess et al., 2019). 

We investigated (1) how alder N additions influence soil decomposition and P limitation by 

altering the respective activities of C-degrading and P mobilizing enzymes, (2) how stand types 

(expanding vs. stagnant in the arctic, deciduous vs. conifer in the boreal forest) differ in SOM 

quality, and (3) how alder's effect on enzyme activities differs with SOM quality, and whether the 

stoichiometric or N-mining mechanism appears to be dominant in each stand type.
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2 Methods

2.1 Study Sites

Arctic sites were located on the north slope of the Brooks Range adjacent to the 

Sagavanirktok River Alaska, USA. Sites were chosen where shrubs had previously been shown 

to be expanding or non-expanding (Tape et al., 2012; Tape et al., 2006). Four replicate 

expanding sites were established near Sagwon Bluffs, and four replicate stagnant sites were 

established near the confluence of the Lupine and Sagavanirktok Rivers. Expanding sites were 

characterized as moist non-acidic tundra (organic horizon pH ≈ 5.7, Table 1) with an overstory 

of Siberian alder and willows (Salix sp.) and with ground cover of graminoids (Carex spp. and 

Eriophorum vaginatum), ericaceous shrubs (Empetrum nigrum, Vaccinium uliginosum and V. 

vitus-idea), and mosses (including Hylocomium splendens and Aulacomnium spp.). Stagnant 

sites were characterized as moist acidic tundra (organic horizon pH ≈ 4.5, Table 1) with an 

overstory of alder and ground cover of graminoids (E. vaginatum and Carex spp.), dwarf shrubs 

(Cassiope tetragona, V. uliginosum, and Betula nana.), lichens, mosses, and some Dryas 

octopetala (Tape et al., 2012).

Boreal sites were co-located with permanent long-term monitoring plots maintained by 

the Bonanza Creek Long-Term Ecological Research Program (BNZ LTER). Three replicate 

sites were sampled in stands with overstories dominated by conifers or deciduous species. 

Late-successional conifer stands situated within the BNZ Experimental Forest, approximately 26 

km from Fairbanks AK, designated UP3a-c by the BNZ LTER, were dominated by mature (~220 

yrs. old) white spruce (Picea glauca). Mid-successional deciduous sites located near BNZ LTER 

site WDI6 were located approximately 38 km from Fairbanks, within the Wickersham Dome fire 

scar, which burned with moderate to low severity in 1971 (Viereck & Dryness, 1979). These 

stands had an overstory dominated by aspen (Populus tremuloides) mixed with Alaskan paper 

birch (Betula neoalaskana) and juvenile P. glauca. Both boreal stand types had similar 
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understories composed of alder and herbaceous species (including Epilobium angustifolium and 

Rosa acicularis) with ground cover dominated by mosses (Hylocomium splendens and 

Lycopodium spp.), herbaceous species (e.g. Cornus canadensis and Linnaea borealis), and 

ericaceous shrubs (Vaccinium vitus-idea and Rhododendron groenlandicum). More information 

concerning these stands can be found on the BNZ LTER website (http://www.lter.uaf.edu/). 

Sites were sampled in the Arctic from August 30th - September 7th and in the boreal forest 

between September 9th - 19th 2019.

2.2 Stand Type Characterization

Data from another study (Heslop et al. in preparation), collected at one of the above 

sites in each stand type, was used for stand level characterization, except for the arctic stagnant 

sites, where data from Tape et al. (2012) was used. At arctic expanding and both boreal stand 

types, a single plot large enough to capture the alder density was established (10 x 20 m in the 

Arctic and 20 x 30 m in the boreal forest). Within each plot, alder individuals (defined as one or 

more clustered ramets distinct from another cluster) (Houseman et al., in review) or alder 

patches (groups of alder that do not meet the definition of individual) were counted, their canopy 

areas estimated (as ellipses), maximum height measured, ramets counted, and ramet diameters 

measured. Within each plot, three soil cores (5 cm diameter) including the entire organic horizon 

and the top 10cm of mineral soil, or down to frozen ground, were taken randomly. These soils 

were dried and measured for bulk density, and mineral horizon pH (Table 1). Species 

composition was assessed using the relevé method utilizing Braun-Blanquet cover estimates 

(Braun-Blanquet, 1965; Mueller-Dombois & Ellenberg, 1974).
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Table 1. Site descriptions of each replicate site and stand type. Data represent means with standard deviations in parentheses. Soil horizon bulk densities are in g cm
3, gravimetric water content (GWC) is g water g soil-1, ramet density is the number of alder ramets m-2, canopy area is in m2, and max height in m. Organic horizon pH 
and GWC are means of all samples from each site. Mineral horizon pH, soil bulk densities, ramet density, canopy area, and max height were collected at a single 
representative site for expanding, aspen, and spruce stand types. Stagnant site level data were taken from Tape et al. (2012) and are not paired with any site.

Region Stand
Type

Site Lat. Long. GWC PH Bulk Density Ramet 
Density

Canopy Area Max Height
Organic Mineral Organic Mineral

Ar
ct

ic

Ex
pa

nd
in

g

1 69.40891 -148.64003 2.17 (0.689) 5.71 (0.021)

2 69.41041 -148.63443 1.38 (0.486) 5.62 (0.015)

3 69.41206 -148.62913 1.15 (0.404) 6.00 (0.271)

4 69.41463 -148.62077 1.93 (0.584) 5.35 (0.135) 6.7 0.24 (0.144) 0.98 (0.165) 1.94 4.65 (3.99) 1.06 (0.466)

St
ag

na
nt

1 69.08776 -148.73347 2.66 (1.151) 4.47 (0.099)

2 69.08833 -148.73734 2.67 (1.002) 4.26 (0.062)

3 69.08875 -148.74142 2.65 (0.662) 4.42 (0.102)
4.8 (0.394) 0.28 (0.77) 0.50 (0.113) 1.60 1.35 (1.104) 0.81 (0.285)

4 69.09057 -148.74662 3.57 (1.777) 4.69 (0.148)

Bo
re

al

As
pe

n

1 65.16026 -147.94198 1.77 (0.175) 5.51 (0.018)

2 65.15901 -148.01053 2.45 (0.408) 5.35 (0.187)

3 65.14878 -148.02761 2.55 (0.434) 5.28 (0.109) 7.2 0.10 (0.006) 0.41 0.59 7.89 (1.108) 3.25 (1.522)

Sp
ru

ce

1 64.76680 -148.28112 1.36 (0.376) 5.47 (0.064)

2 64.76014 -148.25164 1.18 (0.319) 5.50 (0.071) 7.2 0.11 (0.006) 0.96 (0.333) 0.30 18.06 (1.237) 4.12 (2.399)

3 64.72538 -148.33063 1.80 (0.370) 5.75 (0.053)



2.3 Sample Collection and Preparation

At each replicate site, five or ten representative alder individuals, in the arctic and boreal 

regions, respectively, were randomly selected for sampling. A series of soil cores (~2 cm 

diameter) were taken at random from both beneath, defined as the area within one meter of the 

ramet cluster, and five meters away from each alder canopy until at least 500 ml of organic soil 

was collected. Cores were taken down to mineral soil or frozen ground. Samples were placed in 

plastic resealable bags and immediately stored on ice in a portable cooler. To avoid 

complications of other nearby alder and subsurface downhill flow, away samples were taken 

from a randomly chosen side at the same elevation as the target alder, and so that adjacent 

alder were farther than five meters. Completed sampling resulted in a total of 120 samples in 

the boreal forest (2 stand types * 3 plots * 10 alder * 2 distances) and 80 samples in the arctic (2 

stand types * 4 plots * 5 alder * 2 distances). Following enzyme assays, soils were oven dried at 

40 oC to constant weight. A 20 ml subsample of soil was ground to a homogenous fine powder 

using a rolling ball mill, for chemical analysis.

2.4 Enzyme Assays

Immediately after collection, fresh soil samples were transported to the laboratory for 

enzyme assays. Boreal samples were assayed at the University of Alaska Fairbanks campus 

and arctic samples at the Toolik Field station. All assays were run within 24 hours of sample 

collection. Acid phosphatase and β-glucosidase assays were fluorometric and utilized MUB 

linked substrates (4-methylumbelliferyl phosphate and 4-methylumbelliferyl β-D- 

glucopyranoside, respectively), whereas PO was a colorimetric assay using L-DOPA (L-3,4- 

dihydroxyphenylalanine) as a substrate. All assays were conducted as per Sinsabaugh et al. 

(2003). To standardize for effects of pH, and better optimize detectability of PO, all assays were 

run using a pH 5.5 acetic acid buffer, which is broadly representative of the organic horizon of 
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the sampled sites. Following hand homogenization, one gram of fresh soil was added to 100 ml 

pH 5.5 sodium acetate buffer and sonicated for 120 seconds while thoroughly mixed on a 

magnetic stir plate. Soil slurries were immediately pipetted into 96 well plates with 200 μL of 

slurry per well. Fluorometric assays were run on black round bottom plates with MUB standard, 

MUB substrate, and quenched standard curves as well as eight replicates of samples and 

sample blanks. Colorimetric assays were run in clear flat bottom plates with eight replicates of 

substrate and soil blanks as well as sixteen sample replicates. For all assays, volume per well 

totaled 250 μL. After the substrate was added, AP and BG assays were incubated for 30 

minutes at 20 oC prior to reading. PO assays were read immediately after the substrate was 

added and read a second time after a one hour incubation. PO rates were calculated using 

change in absorbance between the two readings. Fluorescence (AP and BG) was read with 

excitation set at 365 nm and emission at 450 nm, absorbance (PO) was read at 460 nm on a 

BioTek Synergy HT microplate reader (BioTek, Winooski, VT, USA). Enzyme rate calculations 

and optimizations were done according to German et al. (2011).

2.5 Soil Nutrients

Dried and ground soils were sampled for %C and %N. Dried, unground soil was 

sampled for resin extractable P and pH. Percent C and N were analyzed using an elemental 

combustion analyzer (Costech ECS4010, Valencia, CA, USA). Resin extractible P was 

measured using an anion exchange resin charged to the bicarbonate form in order to mimic the 

ion exchange capacity of plant roots (Robertson et al., 1999). Nylon rosin bags (37 micron) were 

filled with five grams equivalent dry weight of Dowex 1-x8 anion exchange resin (BioRad, 

Hercules, CA, USA). Bagged resins were charged to the bicarbonate form using a triple wash of 

0.5 M sodium bicarbonate and were rinsed in Milli-Q water between each wash. Bags were then 

placed in separate HDPE bottles with five grams of unground dry soil and 100 ml of Milli-Q 

water (MilliporeSigma, Burlington, MA, USA) and incubated for 18 hours on a shaker plate. After 
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incubation, bags were thoroughly washed in Milli-Q water to remove adhered soil particles. 

Resin bags were then eluted for one hour using a 0.5 M solution of HCl. The eluant was filtered 

through a filter paper and decanted into 50 ml centrifuge tubes. Samples were then analyzed on 

a microwave plasma atomic emission spectrometer (Agilent 4100 MP-AES, Santa Clara, CA, 

USA).

2.6 Soil Organic Matter Chemistry

SOM chemistry was assessed using attenuated total reflectance Fourier transform 

infrared spectroscopy (ATR-FTIR) on a Nicolet iN10 Infrared Microscope (ThermoFisher, 

Waltham, MA). Prior to reading, ground samples were pressed into disks, placed on microscope 

slides, re-dried to remove any absorbed water, and stored in a desiccator. Three scans at 4 cm-1 

resolution over a range of 675 to 4000 μm were conducted for each sample and averaged. 

Spectra received automatic baseline, ATR, and atmospheric suppression corrections prior to 

analysis using Omnic Picta software (ThermoFisher, Waltham, MA). Spectral peak heights 

(within sample relative abundance) representative of differing organic compounds were 

extracted from the spectra and used to calculate five humification indices (HI) (Hodgkins et al., 

2014). Extracted peaks were 2920 cm-1, 2850 cm-1, both representing lipids, fats, and waxes, 

1630 cm-1, 1730 cm-1, both representing lignin and other aromatics, 1515 cm-1, representing 

lignin/phenol backbone, and 1030 cm-1 representing cellulose and other carbohydrates. The HIs 

were calculated by taking the ratios of each peak height to the 1030 cm-1 carbohydrate peak 

(Hodgkins et al., 2014). These ratios represent the relative decomposability of a sample, where 

higher values are more humified, corresponding to more recalcitrant compounds, and lower 

values less humified, corresponding to more labile compounds.
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2.7 Principal Components Analysis

A principal components analysis of the HIs (using the R function prcomp) was conducted 

on centered data (R Development Core Team, 2018). The first principal component (explaining 

82% of variance) was retained and used in subsequent analysis as an indicator of SOM 

recalcitrance. Differences in HIs between stand types, distances from alder within regions, as 

well as between regions were compared using multiple response permutation procedure 

(MRPP) (McCune & Grace, 2002) using the function mrpp in the R package vegan (Oksanen et 

al., 2018). MRPP is a non-parametric test that compares the mean multidimensional distances 

within and between groups to that expected by chance. Alpha levels were Bonferroni corrected 

for multiple comparisons to maintain a familywise error rate of 0.05.

2.8 Linear Mixed Effects Models

All statistical analyses were performed in R version 3.5.0 (R Development Core Team, 

2018). Linear mixed effects models were used to assess the fixed effects of distance from alder 

(near or away), stand type (expanding or stagnant in the arctic sites, aspen or spruce in the 

boreal forest sites), and SOM recalcitrance (PC1) on enzyme activities. The random effects of 

alder individual and site, were included to account for the paired structure of the data using the 

package nlme (Pinheiro et al., 2018). Separate analyses were run for each enzyme in the arctic 

and boreal regions. All global model fitting was done according to Zuur et al. (2009). Modeled 

variance structures were fit to meet assumptions of heteroscedasticity, and responses were 

transformed to meet normality assumptions, when necessary. Various random effect structures 

(random slope and intercept, random intercept only, and no random effect) were fit and 

compared using AICc. The random effect structure with the lowest AICc was maintained. Global 

models (all fixed effects) with applicable random effects and variance structures were fit using 

reduced maximum likelihood. Assumptions were visually assessed on the global model using 
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quantile-quantile plots for normality and plots of residuals against fitted values of the full model 

and each predictor variable for heteroskedasticity.

Model estimates were assessed using an information theoretic multi-model inference 

approach (D. R. Anderson, 2008; Burnham & Anderson, 2002; Burnham et al., 2011; Grueber et 

al., 2011). Models only differing in their fixed effects, were fit using maximum likelihood and 

compared using AICc. AICc weights were calculated for each model and used to define a 95% 

confidence model set (AICc weights sum to 0.95) from which inferences about predictor 

importance can be made (Burnham et al., 2011). If the confidence set contained a single model, 

or two models that differed by only a single parameter, inference was based on the single model 

with the fewest estimated parameters. Otherwise, predictions from the entire model set were 

averaged using shrinkage estimation averaging, where model predictions are weighted by their 

AICc weight and estimates for variables not in the model are set at zero (Burnham & Anderson, 

2002). All random effects or variance structures from the global model were maintained 

throughout model averaging. Model averaged predictions and unconditional confidence 

intervals, which incorporate model selection uncertainty, were calculated using the functions 

modavgEffect and modavgPredict in the AICcmodavg R package (Mazerolle, 2019). Model 

averaged predictions were used to assess affect size and direction. Bonferroni corrected 95% 

confidence intervals were used to assess pairwise differences, with high uncertainty placed on 

differences with intervals that included zero. The same modeling approach was used to assess 

the effects of distance from alder and stand type on SOM recalcitrance (PC1), C:N, C:P, and 

N:P in each region.
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3 Results

3.1 Soil Organic Matter Chemistry

A two-axis ordination explained a cumulative 98% of the variance in the five HIs, with 

82% and 16% of the variance explained by principal components (PC) 1 and 2, respectively 

(Figure 1). All HIs were positively correlated with PC1, where samples with a relatively high 

portion of carbohydrates (labile) are negative, whereas samples with higher portions of lignin 

and aliphatic compounds (recalcitrant) are positive. With consistency across the humification 

indices and a larger portion of variance explained, PC1 represents a good indicator of SOM 

recalcitrance across regions and sites and was included as an indicator of SOM recalcitrance in 

enzyme models. The 1515:1030 and 1630:1030 HIs were positively correlated with PC2, 

whereas the 1730:1030, 2920:1030, and 1850:1030 HIs were negatively correlated. This 

difference in factor loadings indicates that PC2 is a poor index of SOM recalcitrance but rather 

represents the composition of the recalcitrant fraction, with high lignin samples positive, and 

high aliphatic samples negative.

Samples differed in SOM chemistry, by region and stand type, as indicated by 

differences in their HIs. The arctic and boreal regions differed significantly in SOM chemistry 

(MRPP, A = 0.0825, p ≤ 0.001) (Table 2). Arctic sites had FTIR spectra that indicated a higher 

portion of lipids and waxes whereas the boreal forest spectra indicated more lignin (Figures 1 

and 2). Arctic sites also had spectra indicative of more carbohydrates than boreal forest sites, 

although this appears largely driven by the expanding sites in the Arctic (Figures 1 and 2). In the 

Arctic, samples from expanding and stagnant sites differed significantly in their SOM chemistry 

(MRPP, A = 0.2845, p ≤ 0.001) (Table 2). Expanding sites had FTIR spectra indicating a higher 

portion of carbohydrates whereas stagnant site spectra indicated more lignin and phenolics 

(Figures 1 and 2). Boreal forest stand types also differed significantly in SOM chemistry (MRPP, 

A = 0.0675, p ≤ 0.001) (Table 2). While both stand types had spectra indicating relatively high 
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lignin content compared to the arctic sites, spectra from spruce sites indicated more lignin 

whereas spectra from aspen sites indicated more lipids and waxes (Figures 1 and 2). Samples 

taken near and away from alder only differed at the stagnant sites (MRPP, A = .1084, p ≤ 

0.001(Table 2).

Figure 1. Biplot for PCA of SOM chemistry. Variables used for PCA were humification indices (1515:1030, 1630:1030, 1730:1030, 
2920:1030, and 2850:1030) and can be interpreted as the relative decomposability of each sample. Dots and triangles represent 
samples taken near and away from alder, respectively. Colors represent stand types with green and purple representing expanding 
and stagnant arctic sites whereas red and blue represent aspen and spruce boreal forest sites, respectively. Ellipses represent the 
standard deviation of the stand types, arrows represent HI loadings. PC1 is an index of SOM quality with samples with lower (labile) 
or higher (recalcitrant) humification indices on the negative and positive ends, respectively. PC2 indicates the composition of 
recalcitrant fraction with positive values dominated by lignin and phenols and negative values dominated by lipids and aromatics. PC1 
was retained as an indicator of SOM quality in subsequent analyses. The boreal and arctic regions as well as stand types within 
regions differed in HIs. Samples taken near and away from alder did not differ in HIs in either region (Table 2).

Table 2. MRPP results comparing differences in humification indices between stand types and distance from alder within regions, and 
between regions (n is shown in parentheses). A represents the chance corrected within-group agreement and is a measure of effect 
size. Deltas are the weighted mean within group distance observed or expected by chance. Comparisons with significant differences 
at the Bonferroni corrected alpha level of 0.007 are bolded.

Region Comparison A δ p
Observed Expected

Arctic (80) Boreal (120) 0.0825 0.5455 0.5945 ≤ 0.001
Expanding (40) 

Expanding
Stagnant (40) 0.2845 0.5070 0.7086 ≤ 0.001

Arctic Away (20)
Stagnant

Near (20) 0.0246 0.2261 0.2318 0.097

Away (20) Near (20) 0.1084 0.2607 0.2924 ≤ 0.001
Aspen (60)

Aspen
Spruce (60) 0.0675 0.4072 0.4367 ≤ 0.001

Boreal Away (30)
Spruce

Near (30) 0.0001 0.2440 0.2442 0.306

Away (30) Near (30) -0.0071 0.2365 0.2348 0.676
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Figure 2. Humification indices for each stand type in each region. Each humification index is the ratio of a FTIR peak representing an 
organic compound relative to the 1030 cm-1 carbohydrate peak. 1515 cm-1: lignin/phenol backbone, 1630 cm-1: lignin, 1730 cm-1: 
lignin/other aromatics, 2850 and 2920 cm-1: lipids/fats/waxes. These five humification indices were used as variables for principal 
component analysis.

When using PC1 as an index of SOM recalcitrance, samples differed depending on 

stand type and distance from alder. While the stand type by distance interaction term was 

present in the 95% confidence sets for both boreal and arctic models, the interaction carried 

little weight, especially in the boreal forest. Model averaged estimates for SOM recalcitrance 

(PC1) in the arctic sites were higher under alder and at stagnant sites although the difference 

between stand types was much larger than distances (Figure 3a). In the boreal forest sites, 

SOM recalcitrance differed little with distance from alder and stand type with a trend for higher 

values under alder and at aspen sites. However, 95% confidence intervals for both distance and 

stand type effects overlapped zero (Figure 3b).
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Figure 3. Estimated means of stand type and distance from alder for SOM recalcitrance PC1 (a), 
C:N (b), C:P (c) and N:P (d) in arctic (a, c, e, and g) and boreal (b, d, f, and h) regions. Stand type 
was the only retained predictor of C:P in the boreal forest so only stand type level means are shown. 
Colors represent distance from alder with red being away and blue being near. Whiskers represent 
unconditional standard error. Zero is marked with a dotted line. Pairwise differences with Bonferroni 
corrected confidence intervals not overlapping zero are marked as different. Differing letters 
represent differences between distances at the same stand type and differing letter cases represent 
differences between stand types at the same distance. Comparisons between distances and stand 
types (e.g. near alder at the expanding sites to away from alder at the stagnant sites) were not tested.

3.2 Soil nutrients

C:N ratios were lower under alder than away from alder in both arctic and boreal sites, 

with a pronounced effect in the arctic stagnant sites. Samples taken away from alder had much 

higher C:N ratios in the stagnant sites than in the expanding sites, but samples taken under 

alder did not differ between stand types (Figure 3c). In the boreal forest, C:N ratios were higher 

in the spruce sites than in the aspen sites, especially for samples taken away from alder (Figure 
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3d). Distance from alder had little effect on C:P ratios in either arctic or boreal regions. C:P 

ratios did not differ by stand type in the arctic sites but did in the boreal forest sites with higher 

ratios in the spruce sites (Figure 3e, f). N:P did not differ with distance from alder or stand type 

in either region (Figure 3g, h).

3.3 Enzyme model characterization

Global models (all fixed effects) differed in their AICc supported random effects and in 

fitted variance structures. All boreal models were best fitted with random intercepts by site or by 

plant nested within site. Arctic models had a mix of random intercept, random intercept and 

slope, and no random effect structures (Table 3). For both the arctic PO and AP, models with no 

random effect were the most supported, indicating the random effects provided little or no 

additional explanatory power and samples are effectively independent. All enzyme global 

models required fitted variance structures to account for unequal variance between groups 

(Table 3).

Table 3. Global model statements in each region fit by reduced maximum likelihood. The response variables were SOM recalcitrance 
(PC1), C:N, N:P, beta glucosidase activity (BG) (nmol substrate/hour/g C), phenol oxidase activity (PO) (nmol substrate/hour/g C), 
and acid phosphatase activity (AP) (nmol substrate/hour/g soil). Any response variable transformations are included. Fixed effects for 
SOM recalcitrance, C:N, and N:P global models are distance from alder, stand type, and their interaction. Fixed effects for global 
enzymes models are distance from alder, stand type, SOM chemistry, and the interactions between distance - stand type and distance 
- SOM chemistry. Random effect structures (including no random effect) were chosen by AICc. Weights indicates what grouping 
variable was used to model variance. For models with a random effect, both marginal and conditional R2, indicating model fit without 
and with random effects, are shown.

Region Response Random Effect Weights R2
Slope Intercept Marginal Conditional

PC1 Site 0.527 0.560
C:N Site 0.611 0.643
C:P Site 0.268 0.386

Arctic N:P Distance Site 0.321 0.340
BG Type Plant Site 0.089 0.638
PO Site * Distance 0.061
AP Site * Distance 0.398
PC1 Site 0.082 0.208
C:N Plant 0.432 0.553
C:P Site 0.468 0.522

Boreal N:P Site 0.364 0.443
BG Site Site * Distance 0.041 0.237√PO Plant in Site Site 0.073 0.215
AP Site Site 0.407 0.749
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The most important predictor of enzyme activity and the predictors in the 95% 

confidence model sets differed within and between regions. In the arctic sites, the most 

important predictor of BG and PO enzyme activities was distance from alder whereas the 

intercept, SOM quality (PC1), and stand type only models all fell outside the 95% confidence 

sets. The most important predictors of arctic AP activity were distance from alder and stand 

type. All models that did not include these two predictors together fell outside the 95% 

confidence set (Table 4). In the boreal forest sites, there was much less consistency in variable 

importance. The intercept only null model appeared within the 95% confidence set for each 

boreal forest enzyme model suggesting enzyme activities are poorly explained by the distance 

from alder, SOM recalcitrance (PC1), and stand type. Of the boreal enzyme models, AP had the 

narrowest confidence set with distance from alder and stand type as important predictors (Table 

4).

3.4 Enzyme activities

In the arctic sites, mean BG activity increased under alder relative to away from alder, 

with activity 38% higher under alder in both stand types, although confidence intervals for this 

difference included zero at the stagnant sites. BG activity was 16% higher at the stagnant sites 

than expanding sites, regardless of distance from alder, however confidence intervals for these 

differences included zero. On average, BG activity declined slightly with lower SOM quality 

away from alder but had the opposite effect near alder, however these differences were small 

with considerable uncertainty (Figure 4a). Average arctic PO activity was 85% higher under 

alder than away from alder, regardless of stand type. Although confidence intervals overlapped 

with zero, PO activities were modestly higher at the stagnant sites than expanding sites and 

declined with lower SOM quality, both near and away from alder (Figure 4c). The effects sizes 

of distance from alder and stand type were the greatest for AP activities in the arctic. AP 

activities differed by stand type with activities 275% and 246% higher in the stagnant sites for
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samples taken near and away from alder, respectively. Average AP activity was 39% higher 

under alder at the expanding sites. Activity was 79% higher under alder at stagnant sites, but 

confidence intervals for this difference included zero (Figure 4e).

Figure 4. Model averaged predictor effect sizes for BG (a, b), PO (c, d), and AP (a, f) in the arctic 
(a, c, and e) and boreal forest (b, d, and f). Points represent mean differences between the levels 
of the simple effect. Type is expanding - stagnant in the arctic and aspen - spruce in the boreal 
forest, SOM is the slope of predicted activities across the range of SOM recalcitrance (PC1) 
values, and distance is away - near. Colors represent levels of the other predictor with which 
there is an interaction effect. For example, a negative effect size for distance colored green can 
be interpreted as higher values under alder at expanding sites. Lines represent confidence 
intervals of differences Bonferroni corrected to the 0.05 level. Lines that do not overlap zero are 
considered to be significant effects. Note the differing scales.

In the boreal forest, distance from alder, SOM quality, and stand type had much less of

an effect on enzyme activities. For each enzyme, confidence intervals for estimated effect sizes

of each predictor were broad and overlapped zero (Figure 4b, d, f). For all boreal forest

estimates, effects did not change with the level of the other covariates (Figure 4b, d, f) due to

the low weight of interaction terms in the model sets (Table 4). As such, trends are presented 
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here for the baseline grouping only (away for distance, and aspen for type). Average boreal BG 

activity was 4% higher under alder, and 2% higher in the spruce samples than aspen samples. 

BG activity also increased with higher SOM quality (Figure 4b). PO activity was 12% higher 

under alder and 39% lower in spruce samples but was not influenced by SOM quality (Figure 

4d). AP was 39% lower in spruce sites, 3% higher under alder, and not effected by SOM quality 

(Figure 4f).

Table 4. Summary statistics for full model sets fit with maximum likelihood. Models shown only differ from their respective global 
models (Table 3) in their fixed effects. Models are ranked by increasing AICc. Fixed effects for each model compared are shown (D = 
distance from alder, T = stand type, S = SOM recalcitrance (PC1), and 1 = intercept only). K is the number of parameters estimated 
in the model. Models in the 95% confidence set (cumulative AICc weight up to 0.95) are shown in bold. Low confidence is placed on 
model sets where the intercept only (null) model is included in the 95% confidence set. The evidence ratio is the ratio of AICc weight 
of the top model to the given model and can be interpreted as how many times more likely the top model is than the given model, 
given the data and model set.

Region Enzyme Rank Fixed K AICc δAICc AICc Wt. Cum. Wt. Log likelihood Evidence Ratio
1 D 13 1514.140 0.000 0.261 0.261 -741.312 1.000
2 D + T 14 1514.251 0.111 0.247 0.509 -739.895 1.057
3 D * T 15 1514.423 0.283 0.227 0.736 -738.461 1.152

BG 4 D * S 15 1515.226 1.086 0.152 0.887 -738.863 1.721
5 D + S 14 1515.842 1.702 0.112 0.999 -740.690 2.342
6 1 12 1527.325 13.185 3.583*10-4 1.00 -749.334 729.660
7 T 13 1528.089 13.949 2.445*10-4 1.00 -748.287 1069.266
8 S 13 1528.194 14.055 2.320*10-4 1.00 -748.340 1126.987
1 D 18 641.214 0.000 0.388 0.388 -297.000 1.000
2 D + S 19 641.247 0.034 0.381 0.769 -295.290 1.017
3 D + T 19 643.704 2.490 0.112 0.881 -296.519 3.473

Arctic PO 4 D * S 20 644.602 3.389 0.071 0.952 -295.183 5.443
5 D * T 20 646.476 5.262 0.028 0.980 -296.119 13.891
6 T 18 648.800 7.586 0.009 0.989 -300.793 44.387
7 1 17 649.408 8.194 0.006 0.996 -302.768 60.156
8 S 18 650.151 8.938 0.004 1.000 -301.469 87.259
1 D * T 20 1551.009 0.000 0.829 0.829 -748.386 1.000
2 D + T 19 1554.278 3.270 0.162 0.991 -751.806 5.127
3 T 18 1560.220 9.211 0.008 1.000 -756.504 100.048

AP 4 S 18 1570.604 19.595 4.614*10-3 1.000 -761.695 1.800*104

5 D + S 19 1573.252 22.243 1.228*10-5 1.000 -761.293 6.760*104

6 D * S 20 1574.400 23.391 6.912*10-6 1.000 -760.082 1.200*105

7 D 18 1589.450 38.441 3.729*10-9 1.000 -771.118 2.225*108

8 1 17 1594.986 43.977 2.342*10-3 1.000 -775.557 3.544*109

1 1 14 2263.157 0.000 0.285 0.285 -1115.578 1.000
2 S 15 2263.298 0.142 0.265 0.550 -1114.341 1.074
3 D 15 2264.533 1.376 0.143 0.693 -1114.959 1.990

BG 4 T 15 2264.917 1.761 0.118 0.811 -1115.151 2.412
5 D + S 16 2265.065 1.909 0.110 0.920 -1113.892 2.600
6 D + T 16 2267.046 3.889 0.041 0.961 -1114.882 6.991
7 D * S 17 2267.762 4.605 0.028 0.989 -1113.881 10.000
8 D * T 17 2269.737 6.580 0.011 1.000 -1114.868 26.847
1 D + T 11 504.675 0.000 0.361 0.361 -240.116 1.000
2 T 10 505.852 1.177 0.201 0.562 -241.917 1.801
3 D 10 506.431 1.756 0.150 0.712 -242.206 2.406

Boreal 4 D * T 12 506.941 2.266 0.116 0.828 -240.013 3.105
PO 5 1 9 507.684 3.009 0.080 0.909 -244.024 4.501

6 D + S 11 508.790 4.115 0.046 0.955 -242.173 7.826
7 S 10 509.825 5.149 0.028 0.982 -243.903 13.126
8 D * S 12 510.702 6.026 0.018 1.000 -241.893 20.351
1 D + T 10 2220.824 0.000 0.360 0.360 -1099.403 1.000
2 T 9 2220.839 0.015 0.358 0.718 -1100.601 1.007
3 D * T 11 2223.207 2.383 0.110 0.828 -1099.381 3.292
4 D 9 2224.276 3.452 0.064 0.892 -1102.320 5.617

AP 5 1 8 2224.329 3.504 0.062 0.954 -1103.516 5.767
6 S 9 2226.606 5.782 0.020 0.974 -1103.485 18.013
7 D + S 10 2226.655 5.831 0.020 0.994 -1102.318 18.457
8 D * S 11 2229.021 8.197 0.006 1.000 -1102.288 60.247
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4 Discussion

4.1 Arctic

The observed increase in C-degrading enzyme activities in organic soils beneath alder 

canopies at our arctic sites, regardless of stand type or SOM quality, supports the idea that the 

stoichiometric response to increased N availability is dominant in these sites. We did not 

observe lower PO activities under alder at the stagnant sites nor was PO affected by SOM 

recalcitrance under alder, as would have been expected if microbial mining were the dominant 

response (Figure 4c). In fact, activities of both BG and PO were upregulated under alder at both 

arctic stand types. Although the positive alder effect on BG at the stagnant sites included more 

uncertainty, the effect size was greater than at the expanding sites, where confidence intervals 

did not overlap zero. While the activities of BG and PO are imperfect representations of SOM 

decomposition, they are commonly assessed indices for the decomposition of labile and 

recalcitrant soil fractions, respectively (Sinsabaugh, 2010; Sinsabaugh & Follstad Shah, 2011; 

Sinsabaugh et al., 2005). High BG activities indicate increased degradation of polysaccharides, 

principally cellulose, where it catalyzes the breakdown of cellobiose into glucose (Yeoman et al., 

2010). Increased activities of BG and other glycosidases are a common response to increased 

soil N availability (Saiya-Cork et al., 2002; Sinsabaugh et al., 2002). In line with the 

stoichiometric model, microbes likely increased their C consumption and investment in C 

mobilizing enzymes in response to increased soil N availability under alder. Lower C:N ratios 

under alder suggest that alder N inputs are the likely driver of this increase in enzyme activity.

We measured annual alder N fixation rates throughout the growing season at one of the 

expanding arctic sites and estimated N-fixation inputs under alder canopies to be, on average, 

0.26 g N m-2 yr-1 (Heslop et al. in preparation). These rates are relatively low compared to 

estimates at subarctic tundra sites in Alaska (Salmon et al., 2019) but are similar to estimates of 

increased N availability due to permafrost thaw (Prager et al., 2017). While these sustained 
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annual additions seem relatively modest, they do represent a biologically significant source of 

available N. Salmon et al. (2019) found that in subarctic tundra on the Seward Peninsula of 

Alaska, resin-extractible soil N was most influenced by distance from an alder dominated plant 

community. They found a similar, albeit weaker, pattern with non-alder foliar N content. Direct N 

inputs from alder have the potential to become more ecologically significant when coupled with 

indirect shrub influences on N cycling. Tall shrubs that trap snow during winter can increase 

overwinter soil temperatures, resulting in increased microbial activity, increased N 

mineralization, and a deeper active layer allowing microbes access to N and C from thawed 

permafrost soils (Borner et al., 2008; Lawrence & Swenson, 2011; Salmon et al., 2016; Sturm et 

al., 2005). Additionally, the greater quantity of shrub leaf litter, compared to non-shrub species, 

has been shown to increase N pools and accelerate nutrient cycling (DeMarco et al., 2014). 

These effects, in addition to the direct inputs from alder N fixation suggest substantial additions 

of N under alder.

Higher PO activities under alder, compared to away from alder, indicate increased 

degradation of phenolic compounds. Our FTIR data showed higher SOM recalcitrance under 

alder than away (Figure 3a), corresponding to higher abundance of phenolics, which likely 

explains increased PO activity. This higher phenolic abundance could be due to several factors 

including differences between the litter lignin content of alder and surrounding species, high 

concentrations of phenol-rich secondary chemicals in alder litter or accelerated labile C 

decomposition under alder. PO activities have been shown to be positively correlated with the 

lignin and secondary chemical content of the soil (Sinsabaugh, 2010). Alder litter has a higher 

lignin:cellulose ratio than many of the non-shrub species common at the sampled plots 

(DeMarco & Mack, 2015). However, relative to other shrubs, alder litter has a low lignin to 

cellulose ratio, especially when compared with the lignin-rich litter of Betula nana (DeMarco & 

Mack, 2015), a dwarf shrub species that is abundant at the stagnant sites, and less abundant at 

the expanding sites. At the expanding sites, where low lignin:cellulose non-shrub species were 
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more abundant away from alder, and B. nana was not abundant, higher alder litter lignin content 

could be contributing to higher SOM recalcitrance under alder. The stark difference in the 

abundance of lignin-rich B. nana between arctic stand types could help explain differences in 

SOM recalcitrance at the stand type scale (Figure 3a). Although, within the stagnant sites, 

differences in litter C quality do not explain higher SOM recalcitrance under alder canopies 

(Figure 3a), where the influence of lignin-rich B. nana litter would be expected to result in higher 

SOM recalcitrance away from alder.

However, lignin is not the only phenolic compound in alder litter. Siberian alder has been 

shown to invest heavily in phenol-rich secondary chemical defenses to protect its nutrient rich 

foliage from herbivory. Chief among these are pinosylvin and its methyl ether which can 

constitute up to 2.6% of mature overwintering alder bud mass (Bryant et al., 1983; Clausen et 

al., 1986). Higher N availability under alder than away could fuel rapid mobilization of the labile 

C fraction in alder litter contributing to higher SOM recalcitrance under alder. This interpretation 

is supported by the observed increase in BG activity in response to elevated N availability under 

alder. High N availability under alder is likely accelerating the decomposition of labile C, via 

increased hydrolase enzyme activity including BG (Figure 4a), resulting in the accumulation of 

lignin-rich SOM under alder canopies.

Extracellular PO-mediated degradation of phenolics serves multiple biological purposes 

including N mining, C mobilization, and reduction of phenolic toxicity (Sinsabaugh, 2010; Sugai 

& Schimel, 1993). Given the upregulation of PO under alder, despite lower C:N ratios (Figure 

3c), regardless of the stand type or SOM recalcitrance (Figure 4c), it is unlikely N mining is a 

dominant function of PO at these sites. However, increased PO production for the purpose of C 

mobilization is a likely explanation for the observed increase in PO activity under alder. Similarly 

to BG, decomposers could be increasing investment in PO in response to increased N 

availability under alder in order to acquire C. Due to pinosylvin's antimicrobial properties (Lee et 

al., 2005), it is also possible that microorganisms are producing PO at higher rates under alder 
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than away, in order to protect themselves from these chemical defenses. It has been 

demonstrated that secondary chemical defenses produced by Alnus rubra hindered litter 

decomposition in an aquatic environment (Jackrel & Wootton, 2015). Regardless of the 

dominant biological function, N availability or phenolic toxicity, increased PO activity under alder 

could result in C losses from recalcitrant soil pools since all suitable substrates will be 

catabolized. Although, microbial utilization of phenolics has been shown to differ depending on 

the ring position of the hydroxyl group (Sugai & Schimel, 1993), suggesting the chemical origin 

of the phenolics could play a role in their susceptibility to degradation. Additional 

experimentation directly assessing decomposition of different 13C-labeled pools including the 

surrounding plant community and secondary chemicals would help clarify the mechanism and 

effect of elevated PO under alder at these sites.

The upregulation of BG and PO under alder indicates higher rates of decomposition of 

both labile and recalcitrant C in the organic horizon, which could have consequences for soil C 

storage. However, these potential C losses need to be viewed within the broader context of the 

tradeoffs among factors serving as positive and negative feedbacks to climate warming. Alder- 

mediated N additions have the potential to increase stand level NPP as well as accelerate SOM 

decomposition (LeBauer & Treseder, 2008; Prager et al., 2017; Shaver & Chapin, 1986). After a 

multidecadal fertilization experiment in moist-acidic tundra, Mack et al. (2004) found that 

increased plant productivity in response to N additions were offset by C loss from mineral soil 

horizons, leading to the net C loss of 100g C m-2 year-1. Our results suggest that increases in 

soil decomposition under alder could trigger net losses of C, although alder-mediated changes 

in C fluxes at our sites remain unknown. In the Arctic, and at boreal tree line, this tradeoff 

between increases in NPP and soil decomposition is complicated by the snow-trapping effects 

of shrubs, which serve to warm soils through the winter, thereby deepening thaw depth and 

accelerating the loss of previously frozen soil C (Callaghan et al., 2011; Sturm et al., 2005). In a 

series of experiments utilizing snow fences to simulate winter warming in interior Alaskan 
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upland tundra, large increases in NPP during the growing season were offset by increased 

respiration of predominantly old soil C, resulting in net annual C losses (Hicks Pries et al., 2016; 

Natali et al., 2011; Natali et al., 2014). Similar responses have been demonstrated in arctic 

tundra (Nowinski et al., 2010; Ravn et al., 2020; Schimel et al., 2004). Our results provide 

evidence for a mechanism that could contribute to soil C losses under alder. While previous 

work has indicated soil C losses can outweigh C gained through increased productivity, the net 

effect of alder on net ecosystem C flux remains unresolved.

In addition to lower C:N ratios, AP activities increased by 59% on average under alder at 

the arctic sites (Figure 4f). While this difference was significant only at the expanding sites, 

distance from alder appeared in all models in the AP 95% confidence model set indicating that 

distance from alder is an important predictor of AP activity. Alder and other N-fixing plants have 

larger P demands than non-fixers due to the high P requirements of N fixation (Hobbie et al., 

2002; Huss-Danell, 1997; Ruess et al., 2013). To meet this demand, N fixers are believed to 

upregulate the production of extracellular P mobilizing enzymes (Chen et al., 2020; Houlton et 

al., 2008; Ruess et al., 2019; Venterink, 2011; Wang et al., 2007). While not a significant 

difference, N:P ratios were on average 42% higher under alder, than away, in the arctic sites 

(Figure 3g), suggesting AP activity could have increased in response to elevated P demand. 

Alder N fixation responds more strongly to changes in N:P ratio than to N or P alone, reflecting 

the high energetic and nutrient costs of N fixation and P acquisition (Ruess et al., 2013). 

Consequently, N:P ratios act as an indicator of P limitation in alder stands (Mitchell & Ruess, 

2009).

4.2 Boreal forest

In the boreal forest, enzyme activities varied little between stand types, SOM 

recalcitrance, or distance from alder. The null, intercept only, model was the best AICc model 

for BG and appeared in the 95% confidence model set for both PO and AP (Table 4), 
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suggesting that enzyme activities were poorly modeled by these predictors. Alder did, on 

average, increase activities of each enzyme in the boreal forest sites; however, the effect sizes 

were small, and estimates contained substantially more uncertainty than in the models for the 

arctic sites (Figure 4b, d, f). The lack of a clear alder effect on these enzymes suggests that 

decomposers in these stands may not be N limited and are therefore insensitive to alder- 

mediated N additions. However, N limitation of microbial activity has been observed in interior 

Alaskan upland stands (Allison et al., 2008; McFarland et al., 2010). This suggests the apparent 

lack of N limitation observed here could be due to conditions at these stands, rather than a 

general characteristic of the landscape. If alder N additions in the boreal forest stands are 

sufficient to trigger a microbial response, alder could be meeting decomposer N demand at 

scale larger than the five meters we sampled, resulting in our inability to detect a direct alder 

effect.

We measured peak season N fixation rates at one aspen and one spruce stand and 

using a step function (Uliassi & Ruess, 2002), estimated annual N-fixation inputs under alder 

canopies to be 0.25 and 0.15 g N m-2 in the aspen and spruce stands, respectively (Heslop et 

al. in preparation). These rates are similar to past annual rates calculated at these same stands 

(Houseman et al., in review; Mitchell & Ruess, 2009). We also found that organic soil N content 

was higher under alder as indicated by lower C:N (Figure 3d) and marginally higher N:P ratios 

(Figure 3h). This indicates there is, in fact, detectably higher N content under alder than away 

from alder at these sites. However, compared to the arctic sites, boreal C:N ratios were low at 

both distances from alder, resulting in a smaller difference in N content between near and away 

samples (Figure 3c, d). Despite elevated N content, AP activities did not differ with distance 

from alder in either boreal stand type although activities remained relatively high (~8.2 and 5.1 

mmol g-1 hr-1 in aspen and spruce sites, respectively) (Figure 4f). These rates are comparable in 

magnitude to those observed under alder at our arctic expanding sites (3.7 mmol g-1 hr-1) where 

alder did have a significant effect on AP. Higher N:P ratios in soil from the boreal forest sites
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(nine times that of soil from the arctic sites) suggests greater P limitation (Figure 3g, h), which 

likely explains why AP activities were relatively high in the boreal forest. The high boreal AP 

activities at both distances from alder as well as lower C to N ratios under alder suggest that N 

inputs were high enough in the boreal forest to drive an enzymatic response, but other factors 

likely prevented us from detecting a direct effect.

The broad spatial extent of alder litter deposits coupled with the long legacy of alder at 

these boreal forest sites likely contributed to the lack of a detectable alder effect on soil enzyme 

activities and thus the apparent lack of N limitation. While not a species evenly distributed 

across the Alaskan boreal forest, Siberian alder is common across the upland landscapes 

where our sites were located. The canopy area of Siberian alder in boreal forests is much larger 

than at our arctic sites (Table 1), resulting in the redistribution of N-rich litter more broadly 

across the forest floor, creating larger, more diffuse litter islands. Given the alder density and 

larger canopy size, it was impossible to find locations greater than five meters from an alder, 

precluding efforts to detect an effect at a greater distance. Due to alder's capacity to rapidly 

recolonize following disturbance and tendency to persist throughout succession (Viereck et al., 

1983), Siberian alder has likely been present at these boreal stands since well prior to the last 

fire, and perhaps for many centuries. In an assessment of alder influence on soil characteristics 

across a successional chronosequence, which included the white spruce stands sampled in this 

study, Mitchell and Ruess (2009) found that multidecadal legacies of alder islands confused 

interpretations of alder influence on soil N and P at the stand scale. However, they found strong 

evidence alder N influenced soil processes over successional time, as has also been shown for 

thin-leaf alder (A. incana ssp tenuifolia) growing along interior Alaskan floodplains (Nossov et 

al., 2011). This suggests alder does have an ecological effect but at different spatial and 

temporal scales than investigated here. A more in-depth study on the spatial extent of alder N 

additions and influence on soil decomposition, perhaps incorporating changes through 
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successional time, is needed in order to more fully assess the effect of alder on enzyme 

activities in the boreal forest.

The similarities in SOM chemistry between boreal forest stand types likely contributed to 

a lack of effect of stand type and SOM recalcitrance on enzyme activities. Unlike in the arctic 

sites, boreal stand types differed little in terms of humification indices (Figure 2, Table 2). While 

aspen and spruce stands differed slightly in SOM recalcitrance (PC1), these differences were 

much smaller than we had predicted. Additionally, confidence intervals for these differences 

were wide and included zero (Figure 3b), casting doubt on the existence of a meaningful 

difference. As expected, relative to aspen stands, white spruce stands had slightly higher 

average amplitudes of the 1515 and 1630 cm-1 peaks, which correspond to lignin and phenolic 

acids (Figures 1 and 2). However, white spruce stands also had higher amplitudes of the 1030 

cm-1 cellulose peak, resulting in lower humification indices overall (Figures 1 and 2). These 

findings are similar to those by Flanagan and Van Cleve (1983) who found the forest floors in 

aspen and white spruce stands differed little in lignin content. Likewise, Vance and Chapin 

(2001) found that SOM in black spruce stands had more cellulose and therefore lower 

lignin:cellulose ratios than aspen stands. These observed similarities in the SOM of deciduous 

and conifer species, despite differences in litter quality, have been attributed to rapid early 

decomposition of higher quality deciduous litter, made possible by high nutrient availability 

(Flanagan & Van Cleve, 1983). Later in decomposition, once the labile C has been respired or 

incorporated into microbial biomass, the resulting SOM is quite recalcitrant (Berg & 

Meentemeyer, 2002) and therefore more similar between spruce and aspen stands. Enhanced 

N availability by alder could speed this process, contributing to the similarities in SOM between 

aspen and spruce stands. Additionally, by increasing N availability and accelerating litter 

decomposition, alder could be contributing to microbial C limitation in aspen stands. Repeating 

this study to include stands with and without alder would help to identify alder's role more 

directly.
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4.3 Conclusion

By increasing the decomposition of both labile and recalcitrant C pools in the Arctic, the 

observed dominance of the stoichiometric decomposition mechanism represents a positive 

feedback to climate warming. If this positive feedback is intensified by increased soil respiration 

in recently thawed soils (Hicks Pries et al., 2016) or is offset by increases in NPP remains to be 

seen. As alder increase in abundance in response to warmer temperatures and longer growing 

seasons (Myers-Smith et al., 2015; Tape et al., 2012), they create islands of high N availability. 

These alder islands have the potential to alter surrounding plant communities, accelerate 

nutrient mineralization, and accelerate decomposition of litter and thawing permafrost. In the 

Arctic, alder's common occurrence on hillslopes and in water-tracks (Tape et al., 2012) creates 

high potential for alder-derived N to move into adjacent non-alder communities and into aquatic 

ecosystems (Perren et al., 2017; Salmon et al., 2019). Despite the observed differences in SOM 

quality between the two sampled arctic stand types, alder consistently facilitated increases in 

BG and PO enzyme activities, corresponding to the decomposition of both labile and recalcitrant 

C pools. In the boreal forest, alder influences on decomposition and nutrient acquisition were 

likely complicated by long legacies of large alder nutrient islands. At the stand scale, alder N 

additions could accelerate litter decomposition by driving a transition from microbial N to C 

limitation, a change that could have consequences for C storage. As an intensified fire regime 

shifts black spruce forests to deciduous-dominated landscapes (Johnstone et al., 2016; 

Johnstone et al., 2010a; Johnstone et al., 2010b) the capacity of alder to influence local soil 

conditions could depend on the legacy of alder on the landscape and the influence of fire on 

alder distribution (Houseman et al., in review). Alder's effect on the nutrient landscape could 

shift if alder recruit into stands where they do not have a long legacy.
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