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Abstract 28 

Warmer climates have been associated with reduced bioreactivity of soil organic matter (SOM) 29 

typically attributed to increased diagenesis; the combined biological and physiochemical 30 

transformation of SOM. Additionally, cross site studies have indicated that ecosystem regime 31 

shifts, associated with long-term climate warming, can affect SOM properties through changes in 32 

vegetation and plant litter production thereby altering the composition of soil inputs. The relative 33 

importance of these two controls, diagenesis and inputs, on SOM properties as ecosystems 34 

experience climate warming, however, remains poorly understood. To address this issue we 35 

characterized the elemental, chemical (nuclear magnetic resonance spectroscopy and total 36 

hydrolysable amino acids analysis), and isotopic composition of plant litter and SOM across a 37 

well-constrained mesic boreal forest latitudinal transect in Atlantic Canada. Results across forest 38 

sites within each of three climate regions indicated that (1) climate history and diagenesis affect 39 

distinct parameters of SOM chemistry, (2) increases in SOM bioreactivity with latitude were 40 

associated with elevated proportions of carbohydrates relative to plant waxes and lignin, and (3) 41 

despite the common forest type across regions, differences in SOM chemistry by climate region 42 

were associated with chemically distinct litter inputs and not different degrees of diagenesis. The 43 

observed climate effects on vascular plant litter chemistry, however, explained only part of the 44 

regional differences in SOM chemistry, most notably the higher protein content of SOM from 45 

warmer regions. Greater proportions of lignin and aliphatic compounds and smaller proportions 46 

of carbohydrates in warmer sites’ soils were explained by the higher proportion of vascular plant 47 

relative to moss litter in the warmer relative to cooler forests. These results indicate that climate 48 

change induced decreases in the proportion of moss inputs not only impacts SOM chemistry but 49 
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also increases the resistance of SOM to decomposition, thus significantly altering SOM cycling 50 

in these boreal forest soils.  51 

1. Introduction 52 

Soil organic matter (SOM) is the largest pool of reduced carbon (C) in terrestrial 53 

ecosystems (Jobbágy & Jackson, 2000). Boreal forests hold a significant part of this global C 54 

reservoir (Jobbágy & Jackson, 2000; Lal, 2005; Chapin et al., 2009; Scharlemann et al., 2014) and 55 

currently act as a C sink (Vanhala et al., 2016), but will undergo pronounced warming over the 56 

next century (Price et al., 2013; van Oldenborgh et al., 2013). The fate of SOM under a warming 57 

climate remains a major uncertainty in Earth system models, which disagree on whether terrestrial 58 

ecosystems will represent a net source or sink of CO2 in a warmer future (Friedlingstein et al., 59 

2014). Some of this uncertainty is due to the challenge of separating the various ways in which 60 

climate influences SOM properties (Luo, 2007). For example, both plant input chemistry and the 61 

rate of biological and physiochemical transformation, or diagenesis, are affected by warming and 62 

are known to influence SOM properties, including its turnover rate (Quideau et al., 2001; Melillo 63 

et al., 2002).  Understanding the relative importance of these two processes is important to 64 

uncovering controls and timing of soil C-climate feedbacks. 65 

Tightly connected to past and future climate, the chemical, physical, and biological 66 

properties of SOM control the rate at which CO2 is released from soils – an important climate 67 

feedback (Waksman & Gerretsen, 1931; Sollins et al., 1996; Leifeld & Fuhrer, 2005). On time 68 

scales of weeks to years, respiration rates increase exponentially with temperature. Conversely, on 69 

time scales of decades to centuries, SOM properties including respiration rates are themselves 70 

determined by the conditions, including climate, under which a given soil has developed (Zech et 71 

al., 1989; Franzluebbers et al., 2001; Pisani et al., 2014). SOM formed under a warmer climate or 72 



 5 

exposed to prolonged (multi-year) experimental warming, for example, has been found to be less 73 

prone to decomposition, as indicated by a lower bioreactivity, the respiration rate at a given 74 

temperature (e.g., R10 at 10 ˚C) (Luo et al., 2001; Melillo et al., 2002; Fissore et al., 2008; 75 

Laganière et al., 2015). Models based on short-term temperature dependence of respiration that 76 

don’t incorporate the long-term climate effects are therefore prone to overestimate respiration rates 77 

under a warmer climate (Luo et al., 2001).  78 

Differences in SOM chemistry, and thus bioreactivity, among soils formed under distinct 79 

climate regimes may originate from differences in the extent of diagenetic alteration, i.e., changes 80 

in SOM chemistry over time due to the net effects of biological decomposition, root litter 81 

deposition, and physiochemical processes like leaching and aggregation. As bioreactivity typically 82 

decreases with diagenesis, different rates of diagenesis could explain the difference in bioreactivity 83 

observed along climate gradients. In the organic soil horizons of boreal podzols, diagenesis is 84 

dominated by microbial decomposition and the leaching of soluble compounds by percolating 85 

precipitation. These two processes are potentially affected by climate, as higher temperatures 86 

accelerate biological decomposition and greater precipitation can accelerate leaching (Kalbitz et 87 

al., 2000). Soils under different climates can thus develop SOM with distinct biological and 88 

chemical properties even if they receive the same plant litter inputs. This is best exemplified by 89 

warming experiments which manipulate only the below-ground component of an ecosystem. Soil 90 

respiration rates typically decrease after multiple years of warming (Melillo et al., 2002), 91 

indicating that the prolonged exposure of SOM to a warmer temperature can decrease its 92 

bioreactivity. This decrease in bioreactivity was accompanied by a change in SOM chemistry 93 

(Feng et al., 2008; Pisani et al., 2015), most notably increased concentrations of cutin derived 94 

compounds, and lower concentrations of lignin and carbohydrates. However, in situ experimental 95 
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warming in more C-rich forest soils increased soil respiration without reducing SOM bioreactivity 96 

(Streit et al., 2014), while still others detected no change in SOM chemistry (Schnecker et al., 97 

2016) suggesting other diagenetic processes such as leaching and root deposition can regulate 98 

SOM composition. 99 

The vegetation cover contributing to a soil (plant species composition, physiology, and 100 

productivity) represents a second longer-term influence of climate on SOM. Differences in the 101 

quantity and composition of litter inputs, in turn, can explain the distinct SOM chemistry of soils 102 

that developed under different climate regimes (Quideau et al., 2001; Vancampenhout et al., 103 

2009). The differences in SOM chemistry observed along an elevation gradient (i.e., different 104 

proportions of O-Alkyl-C and Alkyl-C), for example, were also observed when plant communities 105 

typical of the different altitude zones were planted in close proximity and thereby exposed to the 106 

same climate (Quideau et al., 2001). Such chemical differences may explain the stronger effect of 107 

forest type relative to climate on SOM bioreactivity (Fissore et al., 2008; Laganière et al., 2013).  108 

Prior to a change in the dominant species or forest type, climate may still affects either the 109 

litter chemistry of the dominant species, or the abundance or composition of litter produced by the 110 

understory vegetation. In boreal forests, mosses are often the ecosystem component that is most 111 

sensitive to anthropogenic disturbance, including moisture, temperature, and N deposition 112 

(Gundale et al., 2011, 2014; Lindo et al., 2013). Latitudinal trends of moss and vascular plant net 113 

primary production (Gower et al., 2001; Turetsky, 2003; Porada et al., 2013) suggest that the 114 

proportion of moss relative to vascular plant litter may decrease with climate warming in boreal 115 

forests. As nonvascular plants, mosses exhibit a chemical composition distinct from vascular 116 

plants (Hobbie, 1996; Preston et al., 2006; Lang et al., 2009; Philben et al., 2014). Changes in the 117 

proportion of moss and vascular plant litter may therefore represent an important mechanism 118 
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through which climate influences SOM chemistry in boreal forests, even when dominant 119 

vegetation, defined by tree species, remains the same.  120 

While the short to mid-term temperature dependence of respiration has been well 121 

characterized in field and laboratory experiments (Sierra et al., 2014), the longer-term climate 122 

effects on SOM properties impacting C cycling remain poorly understood. Climate gradient studies 123 

in boreal forest regions have highlighted the role of climate in controlling SOM properties 124 

providing insight into long-term effects of warming in these ecosystems (Vucetich et al., 2000; 125 

Santruckova et al., 2003; Sjögersten et al., 2003; Kane et al., 2005; Meyer et al., 2006; Preston et 126 

al., 2006; Cannone et al., 2008; Norris et al., 2011). It remains unclear, however, if this control is 127 

due to climate effects on vegetation input chemistry or altered diagenesis. Soil moisture regime, 128 

an important consequence of climate, can impact both the vegetation and SOM diagenesis in boreal 129 

forests. It is therefore important to control for differences in moisture regimes along climate 130 

transects to identify temperature effects on SOM chemistry. For example, an increased alkyl-C:O-131 

alkyl-C ratio observed with climate warming may indicate an increased diagenetic state of SOM 132 

likely due to water limitation of plant productivity combined with increased microbial processing 133 

of SOM in warmer continental regions (Preston et al., 2006; Norris et al., 2011). However in wetter 134 

forests, the elevated alkyl-C:O-alkyl-C could also result from changes in leaching rates or a shift 135 

to a greater proportion of vascular relative to non-vascular plant source of SOM with climate 136 

change. Distinguishing between these effects is important because they can impact: (1) The timing 137 

of changes in SOM properties, such as its bioreactivity, in response to climate change. SOM 138 

properties derived from diagenetic alteration would likely occur over time in a linear fashion, 139 

whereas SOM properties linked to a shift in litter inputs would exhibit a threshold change; and (2) 140 

The interpretation of SOM stocks and turnover using SOM chemistry which depends upon the 141 
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origin of that chemistry. The mesic boreal forests of Atlantic Canada feature a climate gradient in 142 

which both mean annual temperature (MAT) and precipitation (MAP) decrease with latitude 143 

(Table 1, Supporting Information S1), such that greater evaporative loss of soil water at higher 144 

temperatures is compensated by greater precipitation (Ziegler et al., 2017). These forests are, 145 

therefore, characterized by similarly high soil moisture across a temperature gradient, enabling the 146 

study of effects of increasing temperature in the absence of greater water limitation (Supporting 147 

Information S2). Previous work in this transect has shown that SOM bioreactivity in these soils 148 

decreases from cold to warm climate (Laganière et al., 2015; Podrebarac et al. 2016; Supporting 149 

Information S3). The goal of this study was to determine: (1) To what extent variations in SOM 150 

chemistry with climate originate from different litter inputs or different degrees of diagenesis; and 151 

(2) What SOM chemical attributes relate to the decreasing SOM bioreactivity with warming.  152 

We explore how the chemical composition of SOM from the organic L, F, and H horizons 153 

varies along gradients of climate (latitude) and increasing diagenetic alteration (soil depth), and 154 

how such variations could explain the observed differences in SOM bioreactivity. The 155 

‘decomposition continuum’, the gradient of increasing diagenesis often noted in the study of soil 156 

profiles (Melillo et al., 1989), is used here determine how SOM chemistry changes with 157 

diagenesis. We then applied this forest site-specific understanding of diagenetic indicators to 158 

assess drivers of regional variations in organic horizon SOM chemistry to distinguish between 159 

climate effects on diagenesis and vegetation. The organic soil horizons contains a substantial 160 

fraction (> 1/3) of the total soil profile SOM (Laganière et al., 2013; M. Patrick, pers. comm.), and 161 

represents a key source of organic matter to deeper mineral horizons in boreal forest podzolic soils. 162 

Due to the absence of a mineral phase, the persistence of SOM in these soil horizons is the net 163 

result of litter inputs and losses due to decomposition and leaching, with chemical stability rather 164 
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than physical protection against decomposition (Lützow et al., 2006), controlling losses in 165 

response to climate change. This approach, however, is not applicable to the underlying mineral 166 

soil given the variation in chemical matrix effects associated with the decreasing SOM to mineral 167 

content ratios with depth and the variation in parent material across climate regions. 168 

We compiled a dataset of 16 parameters of SOM chemistry (Table 2) and assigned these 169 

parameters to six groups based on how they vary by depth and latitude (Fig. 1). The fact that a 170 

parameter that does not exhibit any variation by depth or latitude, for example, indicates that this 171 

parameter does not change during diagenesis nor vary with litter inputs along the transect (Fig 172 

1a). Similarly, an increasing (or decreasing) trend with latitude in the absence of a change with 173 

depth indicates that climate affects a parameter through changes in litter inputs, whereas the 174 

same parameter does not change during diagenesis (Fig 1b). Alternatively, a parameter may 175 

change with depth but exhibit no difference among climate regions (Fig. 1c), or exhibit added 176 

effects on the same parameter where different litter inputs fix initial differences that are noted 177 

throughout the profile as it changes with depth due to increased diagenesis (Fig. 1d). We posit 178 

that if regional differences in SOM chemistry resulted from different litter inputs, the diagenesis 179 

and latitude effects would act independently and affect distinct parameters of SOM chemistry 180 

(Fig 1b, 1c). In contrast, if regional differences are acquired via climate driven differences in 181 

diagenesis, we would expect that region and depth would affect the same parameters, and that 182 

differences among regions would increase with depth (Fig 1e, 1f) 183 

2. Material and Methods 184 

2.1. Field sites 185 

The Newfoundland and Labrador Boreal Ecosystem Latitudinal Transect (NL-BELT) is a 186 

boreal climate transect located in Atlantic Canada. We studied forests in three study regions using 187 
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three study sites within each region (Table 1). More southern regions were characterized by both 188 

higher MAT (0.0 to 5.2 C) and MAP (1040 to 1570 mm a-1), resulting in similar soil moisture 189 

across the transect (Supporting Information S2). Warmer forests furthermore exhibited lower C:N 190 

in needle foliage, litter, and soils consistent with accelerated nitrogen (N) cycling and greater N 191 

availability in the warmer forests (Philben et al., 2016). These trends are consistent with the 192 

anthropogenic changes that are predicted to occur in this ecosystem over the next decades, i.e., 193 

higher temperatures, precipitation, and allochthonous N inputs (Gruber & Galloway, 2008; Price 194 

et al., 2013; van Oldenborgh et al., 2013). The three sites in each region were selected for their 195 

similar forest type and successional stage (mature Abies balsamea stands), soil properties (well-196 

drained podzols), and disturbance regime (insect outbreak). None of the sites exhibited evidence 197 

of having been harvested or afforested (D. Harris pers. comm.). The sites thus represent 198 

incarnations of A. balsamea dominated forests that developed under different climate regimes, 199 

where understory vegetation developed in accordance with the local climate. Climate effects on 200 

SOM chemistry of the L, F and H horizons at these sites are therefore isolated to changes in litter 201 

inputs and diagenesis. 202 

2.2. Field sampling 203 

We collected soil samples in June 2011 from three replicate plots (10 m diameter) in each 204 

site (n = 27) as described in detail in Laganiere et al. (2015). Briefly, 20x20 cm pieces of the entire 205 

organic horizon were collected from three random locations in each plot after all living biomass 206 

including green mosses had been removed (see Table 1 for depths). These samples were then 207 

manually separated into the L, F, and H soil horizons (Oe, Oa, and Oi horizons in the US soil 208 

nomenclature) and pooled into one composite sample per soil horizon and plot. These of 81 209 
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samples (27 plots x 3 horizons) were further pooled into 27 samples (9 sites x 3 horizons) for total 210 

hydrolysable amino acid and nuclear magnetic resonance (NMR) analyses.  211 

Subsamples of the L horizon material were separated into foliar litter, woody material 212 

(including cones), and mosses. The dry mass of each fraction was measured or, when the separation 213 

of compacted material was not possible, estimated, and reported to the closest 5%, and when 214 

present in traces assigned 1%, or as absent (0%). Foliar, woody, and moss litter were then re-215 

combined and all samples were ground for chemical analysis using a Siebtechnik pulverizer. 216 

Litterfall samples were collected between June 2011 and June 2013 as described in (Ziegler 217 

et al., 2017). Briefly, 3 litter traps with an area of 0.34 m2 were installed at each plot (9 per site). 218 

The trapped material was collected at least three times per year and sorted into different types of 219 

material (green needles, brown needles, deciduous leaves, twigs, cones). Each fraction was dried 220 

and weighed separately. Chemical analysis was conducted on pooled samples representing the 221 

annual litterfall input at each plot and site. 222 

2.3. Chemical analysis 223 

2.3.1. Soil organic matter 224 

The carbon and nitrogen content (%C, %N) and their stable isotope ratios (δ13C,  δ15N) 225 

were analyzed as described in Kohl et al. (2015). Briefly, dried and ground samples were analyzed 226 

with a Carlo Erba NA1500 Series II elemental analyzer coupled to a DeltaV Plus isotope ratio 227 

mass spectrometer (Thermo Scientific). 228 

Cross polarization, magic-angle spin solid-state NMR (CP-MAS NMR) spectra were 229 

obtained using a Bruker AVANCE II 600 MHz with a MASHCCND probe. All samples were run 230 

at 600.33 MHz (1H) or 150.96 MHz (13C) and spun at 20 kHz at 298 K. Spectra were deconvoluted 231 

using the software ‘DM Fit’ based on a 19 component model (Massiot et al., 2002). These peaks 232 
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were then assigned to 7 functional groups (alkyl-C, methoxy-C, N-alkyl-C, O-alkyl-C, Di-O-alkyl-233 

C, aromatic C, carboxylic-C) based on Wilson (1987) and Preston et al. (2009) and expressed as a 234 

percent of the total area resolved via CP-MAS NMR. We furthermore calculated the alkyl:O-alkyl 235 

ratio, which typically increases with diagenesis, as alkyl-C/(O-alkyl-C + di-O-alkyl-C + methoxy-236 

C) (Preston et al., 2009). Spectra are provided in Supporting Information S4. 237 

Concentrations of total hydrolysable amino acids (THAA) were retrieved from Philben et 238 

al. (2016). We included four parameters describing abundance and composition of THAA, i.e., the 239 

fraction of C and N present in the form of THAA (%C as THAA, %N as THAA); the degradation 240 

index (DI) which is derived from the first dimension of a principal component analysis of the 241 

composition of THAA as described in Philben et al. (2016) and Dauwe et al. (1999); and the 242 

relative abundance of glycine (mol% gly). Organic matter diagenesis has been associated with a 243 

decrease in DI and %N as THAA and an increase in mol% gly (Dauwe et al., 1999; Philben et al., 244 

2016). 245 

2.3.2. Litterfall 246 

Samples representing the annual litterfall at each plot were analyzed using the same 247 

methods as soil samples described above (EA/IRMS, THAA, CP-MAS NMR). For EA/IRMS, 248 

fractions of the litterfall (i.e., green needles, brown needles, deciduous litter, twigs, bark, and 249 

cones) were analyzed separately from annually weighted pooled samples obtained at the plot level. 250 

For CP-MAS NMR and THAA, a pooled sample representing the annual input of the different 251 

types of foliar litterfall (green needles, brown needles, deciduous litter) at each site was analyzed. 252 

Litter traps do not collect moss litter inputs to soils. We therefore estimated the chemical 253 

composition of the total above-ground litter input including both moss and vascular plant detritus 254 

based on the composition of the L-horizon material. We note that as a measure for inputs to soils, 255 
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the L layer composition might overestimate the proportion of more slowly decomposed fractions 256 

(moss litter and woody material). However, given the consistent pattern between the L layer moss 257 

proportion and estimate of moss cover across sites in all three regions (K. Buckeridge unpubl. 258 

data), it is likely a good reflection of moss proportion relative to litterfall input. Chemical 259 

composition of foliar litter for each site, and mosses collected in two regions of the transect, and 260 

where appropriate literature values for woody material were applied to the L layer proportions to 261 

estimate chemical composition of the total above-ground litter input (Supporting information S5). 262 

2.4. Bioreactivity of intact LFH profiles 263 

The SOM bioreactivity of field soils was based on the respiration rates of intact cores of the entire 264 

organic soil measured in a separate incubation experiment (Podrebarac et al., 2016). We updated 265 

the dataset retrieved from Podrebarac and others (2016) to include previously unpublished results 266 

from the incubation of soil cores from the mid latitude region of the climate transect (SR)  that 267 

were conducted as part of the same larger experiment. The complete dataset used here is comprised 268 

of the cumulative respiration of 81 soil cores from 27 sites, incubated for 467 days at 5 °C, 10 °C, 269 

or 15 °C and 60% water holding capacity, and is provided in Supporting Information S6. 270 

2.4. Data Analysis 271 

2.4.1. Climate and diagenesis effects on SOM chemistry  272 

To characterize the origin of regional differences in SOM chemistry, that is, differences 273 

originating from distinct inputs, distinct diagenesis, or their interaction, we conducted a 274 

comparative analysis of the individual parameters of SOM chemistry. In general, we use the terms 275 

region and latitude synonymously along with depth and (soil) horizon. However, latitude and 276 

depth are used to indicate increasing or decreasing trends with these variables, whereas region and 277 

(soil) horizon are used to indicate differences among the different levels that do not necessarily 278 
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indicate a consistent trend (e.g. “differs among soil horizons or transect regions”). First, we applied 279 

a two-way analysis of variance (ANOVA) to determine if the parameter differed among soil 280 

horizons or regions. We then tested if the differences between regions and/or soil horizons detected 281 

by ANOVA represented a consistent increase or decrease with depth or latitude (as opposed to 282 

merely random differences among regions and/or soil horizons) by calculating the Spearman's 283 

correlation coefficient (ρ) of each parameter with both soil depth and latitude. A ρ close to 0 284 

indicates that the parameter varies independently of depth or latitude, whereas a ρ close to -1 or 285 

+1 indicates a monotonic decrease or increase with depth or latitude, respectively. We report test 286 

metrics (% variance explained and ρ-values, respectively) regardless of statistical significance to 287 

allow for a comparison of region/depth effects on both affected and unaffected parameters. The 288 

complete results of these analyses are provided in Supporting Information S7.  289 

To test if the proportions of moss, foliar litter, and woody material in the L layer varied 290 

among regions, we used the non-parametric Kruskal-Wallis test followed by a Nemenyi post-hoc 291 

test as normality and heteroscedasticity could not be assumed. 292 

2.4.2. Relation between SOM bioreactivity and SOM chemistry 293 

We conducted a correlative analysis to evaluate if the regional variations in SOM chemistry 294 

among field sites could explain the observed differences in SOM bioreactivity. We included six 295 

parameters of SOM chemistry that varied with latitude (%methoxy-C, %O-alkyl-C, %Di-O-alkyl-296 

C, %alkyl-C, %N, %C as THAA) in this analysis. δ15N and %C also varied with latitude, but were 297 

excluded because δ15N does not represent a chemical property that directly affects bioreactivity 298 

and respiration rates were already normalized to %C. For each parameter, we combined the values 299 

measured in the individual soil horizons by calculating a weighted average value for the entire 300 

organic layer of each site as described in Supporting Information S8. A multiple regression 301 
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analysis to distinguish which of these six parameters had the strongest effect on bioreactivity was 302 

not possible because the parameters were inter-correlated (Supporting Information S9). We 303 

therefore used the first principal component of the six parameters (‘PCA1’), representing 79% of 304 

their total variance, as a predictor to evaluate their combined effect on bioreactivity. This was 305 

accomplished by calculating the regressions between cumulative respiration (log transformed) and 306 

PCA1 for each incubation temperature. We also calculated the fraction of site level variance in 307 

cumulative respiration in the complete dataset (all temperature treatments) explained by each of 308 

the six parameters as well as by PCA1 (Supporting Information S10). All statistical analyses were 309 

conducted using the statistical programming environment R version 3.0.2 (R Development Core 310 

Team, 2015). 311 

3. Results 312 

3.1. Chemical composition of isolated soil horizons 313 

The analyzed parameters of SOM chemistry exhibited distinct trends with depth and 314 

latitude. Soil C content (%C) decreased with depth and somewhat with latitude (highest in most 315 

southern relative to other two regions; Fig. 2a), with a similar decrease in all regions. δ13C values 316 

increased with depth but were unaffected by latitude (Fig 2b), however, the southern sites exhibited 317 

a greater increase in δ13C values. In contrast, soil N content and δ15N increased with depth but also 318 

exhibited a decreasing trend with latitude, though these decreases did not differ by region (Figs. 319 

2c, 2d). Three of the functional groups identified via NMR were affected by latitude, not depth; 320 

%methoxy-C decreased with latitude whereas %O-alkyl-C and %di-O-alkyl-C increased with 321 

latitude, indicative of lower lignin to carbohydrate ratios in colder regions (2e, 2f, 2g). Three other 322 

functional groups were affected by depth, but not latitude; %aromatic-C and %N-alkyl-C 323 

decreased with depth, whereas %carboxylic-C increased with depth (Figs. 2h,2i,2j).  The %alkyl-324 



 16 

C and alkyl:O-alkyl were affected by both latitude and depth with greater values detected in more 325 

southern regions and in deeper soil horizons (Figs. 2k,2l). The increase of Alkyl:O-alkyl with depth 326 

appeared stronger in more southern forests, but this difference was marginally non-significant (p 327 

= 0.076, Supporting Information S7). The %N as THAA and the DI decreased with depth but did 328 

not differ between regions (Figs. 2m,2n). Mol% gly increased with depth but did not differ among 329 

regions (Fig. 2o), whereas %C as THAA decreased with latitude, but did not change with depth 330 

(Fig. 2p). 331 

3.2. Categorization of parameters of SOM chemistry by variance with depth and latitude 332 

The parameters included in this study fell into four groups with regard to how the variance 333 

was explained by latitude and depth (Fig 3a) enabling our investigation of the potential source of 334 

each as described in Fig. 1. Variables that differ by soil horizon and/or regions typically exhibited 335 

a monotonous increase or decrease with depth and/or latitude as indicated by significant Spearman 336 

correlations (Figs. 3b, 3c). Region and soil horizon explained more than 68% of the variance of all 337 

parameters with the exception of %C (46%) and %aromatic-C (39%) (Supporting Information S7).  338 

The three NMR parameters representing the relative carbohydrate and lignin content (%O-339 

alkyl-C, % di-O-alkyl-C, %methoxy-C) were explained by latitude alone (Fig 3a). None of these 340 

parameters exhibited a monotonous increase or decrease with depth (Fig 3b), but %O-alkyl-C and 341 

%di-O-alkyl-C increased with latitude, whereas %methoxy decreased with latitude (Fig 3c).  In 342 

contrast, the variations in %carboxylic-C, δ13C, %aromatic, THAA composition (DI and mol% 343 

gly), %N as THAA, and %N-alkyl-C were all explained by depth alone. Three of these parameters 344 

exhibited a monotonous increase with depth (%carbonyl−C, δ13C, and mol% gly; Fig 3b) and the 345 

other four a monotonous decrease (%aromatic-C, DI, %N as THAA, %amino-C; Fig 3b), but none 346 

of these parameters increased or decreased with latitude (Fig 3c). 347 
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The variances in soil %C, %N, %alkyl-C, δ15N, %C as THAA, and alkyl:O-alkyl were 348 

explained by both latitude and depth, but did not exhibit a significant interactive effect of latitude 349 

and depth. Four of these parameters exhibited a monotonous increase with depth (%N, δ15N, and 350 

alkyl:O-alkyl; Fig 3b) while %C decreased with depth, and all six parameters exhibited a 351 

significant decrease with latitude (Fig 3c). 352 

Noteworthy, the latitude and depth interaction (LxD) explained only a small fraction of the 353 

total variance of all studied parameters (<14%). Furthermore, only two parameters (δ13C and DI) 354 

exhibited a significant LxD effect (Fig. 1e, 1f), which would indicate that the regional differences 355 

in SOM chemistry either become larger (differential diagenetic alteration) or converge with 356 

increasing decomposition associated with organic horizon depth. However, only δ13C exhibited a 357 

consistent trend having increased more steeply with depth in the more northern soils. The DI 358 

exhibited a steeper decrease from L to F horizons in more southern sites, where as the opposite 359 

effect was observed from F to H horizons.  360 

Taken together, the studied parameters thus primarily exhibited the patterns expected if 361 

latitude and diagenesis were to affect SOM chemistry independently (Fig. 1b-d), indicating that 362 

regional differences in SOM chemistry were largely driven by different inputs to SOM, not by 363 

differential diagenesis. 364 

3.3. Evidence for effects of SOM chemistry on its bioreactivity 365 

The first principal component (PCA1) of the six main parameters varying by latitude 366 

(%methoxy-C, %O-alkyl-C, %Di-O-alkyl-C, %alkyl-C, %N, %C as THAA) explained 46.7% of 367 

the variance in bioreactivity at the site level (Supporting Information 10). This predictor thus 368 

explained a similar fraction of variance in SOM bioreactivity as the factor ‘region’ (54.4%). 369 

Bioreactivity was negatively correlated to PCA1 for soil cores incubated at 15˚C (R=-0.78, 370 
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p=0.014) and 10 °C (R= -0.67, p=0.050). In soil cores incubated at 5˚C, the relation between PCA1 371 

and bioreactivity followed the same trend but did not exhibit a significant correlation (R=-0.48, 372 

p=0.190) due to the higher variance among individual soil cores (Fig. 4a). Due to the strong inter-373 

correlation among the six parameters of SOM chemistry that varied by latitude (all R > 0.46; 374 

Supporting Information S9), we could not determine which of the parameters may individually 375 

explain the differences in bioreactivity. This group of six parameters, however, collectively 376 

explained the observed differences in SOM bioreactivity among transect regions.   377 

In contrast to bioreactivity, temperature sensitivity of respiration of intact soil horizons 378 

(Q10) did not significantly vary among the transect regions (Supporting Information S6), and Q10 379 

values were not correlated with PCA1 (Fig 4b). 380 

3.4. Composition of litter inputs to soils 381 

The litterfall, which included vascular plant litter but not moss litter, did not exhibit 382 

significant differences among the three regions for the majority of chemical parameters (%C, δ13C, 383 

%N as THAA, DI, mol% gly, and all functional groups in NMR spectra; Fig. 2). In the southern 384 

sites, however, litterfall exhibited higher %N, δ15N, and %C as THAA values (Figs. 3d, 2d, 2p) 385 

and lower C:N (not shown). Differences in the chemical composition of the litter collected in litter 386 

traps thus explained the higher nitrogen and protein abundance, but not the higher relative 387 

concentrations of lignin and aliphatic compounds or lower concentrations of carbohydrates in 388 

SOM from more southern sites. 389 

The composition of L layer material differed among regions, with greater proportions of 390 

foliar litter and smaller proportions of moss litter in warmer compared to colder region soils (Fig. 391 

5). Based on these proportions, we estimated that warmer soils receive total litter inputs (moss, 392 

foliar litter, and woody material) with lower proportions of O-alkyl-C and di-O-alkyl-C, and higher 393 



 19 

proportions of alkyl-C and methoxy-C, and therefore exhibit higher alkyl:O-alkyl (Total litter in 394 

top panel of Figs. 2e, 2f, 2g, 2k, 2l). For %O-alkyl-C, %di-O-alkyl-C, %alkyl-C, and alkyl:O-395 

alkyl, the differences among regions in total litter inputs were similar to those observed in L-396 

horizon SOM. This is despite the higher proportions of O-alkyl-C and lower proportions of alkyl-397 

C observed for litter inputs compared to L-horizon SOM in all regions (Figs. 2f, 2g, 2k, 2l). For 398 

%methoxy-C, the difference observed in L-horizon SOM between the two most extreme regions 399 

was more than twice our estimate for the difference among total litter inputs across regions. The 400 

%methoxy-C in L horizon SOM was 67% higher in the warmest compared to the coolest region, 401 

whereas total litter inputs exhibited only 26% higher %methoxy-C in the warmest region; Fig 2e). 402 

Given these litter input results, the parameters describing regional differences in SOM fell 403 

into three groups in regards to whether differences in SOM were also reflected in the litter inputs 404 

or not. Regional differences in SOM parameters dependent on N concentrations (%N, %C as 405 

THAA) and δ15N could be explained by chemically different vascular plant litter. In contrast, the 406 

regional differences in %O-alkyl-C, %di-O-alkyl-C, %alkyl-C, and alkyl:O-alkyl of SOM could 407 

be explained by the different proportions of moss and vascular litter. The differences in SOM 408 

%methoxy-C, however, were only partially explained by differences in litter chemistry (Fig. 2). 409 

4. Discussion 410 

4.1. SOM chemistry is largely determined by litter inputs, not diagenesis 411 

Our study demonstrated that even in the absence of a change in dominant over-story 412 

vegetation, climate-driven changes in SOM properties can be primarily mediated through 413 

aboveground processes that lead to different litter inputs, rather than through climate effects on 414 

SOM diagenesis. If regional differences in SOM chemistry were to develop over time due to 415 

diagenetic alteration under different climatic conditions, as suggested by some in situ warming 416 
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experiments (Melillo et al., 2002; Feng et al., 2008; Pisani et al., 2015), we would have expected 417 

(1) latitude (region) to affect the same parameters of SOM chemistry as diagenesis (depth), and 418 

(2) these regional differences to increase with greater diagenetic alteration exhibited from shallow 419 

to deeper soil horizons (Fig. 1e, 1f). Most parameters of SOM chemistry that varied with latitude, 420 

however, were different from those that varied with diagenesis and signified the major control of 421 

litter inputs on climate induced changes in SOM chemistry in these forests (Fig. 3). Of those 422 

remaining parameters that did vary with both depth and climate, only two (13C and DI) exhibited 423 

a significant depth by latitude interaction. These two parameters though did not consistently 424 

indicate increased diagenetic alteration with depth with decreasing latitude. For example, the SOM 425 

13C exhibited a greater increase with depth in the highest relative to lowest latitude soils 426 

suggesting a greater degree of diagenetic alteration of SOM with depth in the coldest and not the 427 

warmest forests. The DI, decreased to a greater extent from L to F horizons in the warmer relative 428 

to colder forests, but exhibited the opposite trend from F to H horizons indicating an increased 429 

level of diagenetic alteration at lower latitude but isolated to near surface horizons.  430 

Our results are consistent with cross-site studies indicating that differences in vegetation, 431 

and thus litter inputs, affect SOM chemistry more strongly than other differences associated with 432 

climate (Quideau et al., 2001). This finding bears two important consequences that will improve 433 

our understanding of how climate will affect SOM in these mesic forests. First, changes in SOM 434 

properties might not happen linearly with temperature, but rather occur at threshold levels driven 435 

by changes in vegetation. Second, these changes will occur first in soil horizons that receive fresh 436 

plant inputs, and affect deeper soil layers as new SOM is transported down profile. 437 

SOM stocks within underlying mineral soils often respond similar to topsoils to climate 438 

(Kane et al., 2005; Hicks Pries et al., 2017) despite having been exposed to diagenesis under 439 
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different climates for longer periods. It is, however, important to bear in mind that results from 440 

these organic soil horizons (LFH) do not preclude the potential for diagenesis as an important 441 

mechanism of climate effects on mineral soil SOM. In particular, the marginally non-significant 442 

latitude by depth interaction observed for both di-O-alkyl and alkyl:O-alkyl (Supporting 443 

Information S7) in the relatively young organic soil horizons may signify a potential role of 444 

diagenetic processes in controlling deeper soil SOM.  445 

We purposefully limited our study to the organic horizons, which represent >1/3 of total 446 

SOM in these soil profiles, and are most rapidly affected by a change in climate including altered 447 

inputs. Due to this focus, our study did not investigate how climate might affect important 448 

processes of SOM diagenesis and stabilization in the underlying mineral horizon like adsorption 449 

on mineral surfaces or incorporation into soil aggregates (Lützow et al., 2006). Instead our study 450 

covered a range or diagenetic processes that occur in the organic soil horizon including microbial 451 

decomposition and leaching. In spite of similar moisture regimes, southern sites were exposed to 452 

higher precipitation rates, which could have led to increased leaching of more hydrophilic 453 

compounds from soils. This, however, was not supported by our data, as all sites exhibited similar 454 

profiles of SOM geochemistry. 455 

The focus on organic soil horizons furthermore enabled us to directly compare chemical 456 

parameters by depth and climate region not possible with or among mineral soil horizons due to 457 

unresolved matrix effects and low SOC content. Procedures required to isolate SOM from the 458 

mineral soil matrix prior to NMR analysis (Schmidt et al., 1997) typically only provide 35-51% 459 

of the total SOM, and exhibit much lower signal to noise ratios relative to organic horizon SOM 460 

as noted in the mineral soils of these sites (Warren and Ziegler 2017). Future efforts to generate 461 
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comparable soil fractions among soil horizons varying in mineral content and composition will aid 462 

in the application of the conceptual framework presented herein to deeper soil horizons.   463 

4.2. The diagenetic state of SOM did not vary with climate  464 

 The SOM of the mesic forests studied here did not exhibit indices of increased diagenetic 465 

alteration with climate warming. This contrast to previous studies of continental boreal forest 466 

climate transects (Kane et al., 2005; Norris et al., 2011) reiterates the importance of water 467 

availability in controlling the impact of climate warming on SOM. In spite of the different climates 468 

in the three regions studied, all chemical parameters of SOM that changed with depth (%C, δ13C, 469 

%N, %carboxylic-C, %aromatic, %alkyl-C , %N-alkyl-C, alkyl:O-alkyl, DI, mol% gly, %N and 470 

%C as THAA), with the exception of 13C and DI, exhibited a similar change with depth in all 471 

regions, and most did not differ among regions. In contrast, SOM in soil profiles of more southern, 472 

warmer Jack Pine forests in continental Canada exhibited chemical signatures of SOM (low C:N, 473 

high δ13C) indicative of increased diagenetic alteration relative to more northern, cooler forests 474 

(Norris et al., 2011). Similarly, the decreases in labile fractions accompanied by elevated δ13C in 475 

dense fractions of SOM with MAT in black spruce forests in interior Alaska indicate that a warmer 476 

climate led to more diagenetically altered and likely less bioreactive SOM (Kane et al., 2005).  477 

The different response of SOM chemistry and stocks to climate warming between the mesic 478 

boreal forests studied here and previously studied continental boreal forests stresses the need for 479 

regional understanding (e.g. drier, inland versus mesic, coastal) of forest soil responses to climate 480 

change. While continental forest SOM stocks are observed to decrease from colder to warmer 481 

climates (Kane et al., 2005; Norris et al., 2011), SOM stocks in mesic boreal forests appear to be 482 

retained overall and even increase (Ziegler et al., 2017). It is this balance between inputs and losses 483 

in these forests that likely led to the similarity in chemical parameters associated with diagenetic 484 
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alteration observed along this transect. Since plant productivity is more sensitive to water 485 

limitation than decomposition (Van der Molen et al., 2011), SOM stocks are vulnerable to net 486 

losses when warming leads to decreases in tree productivity due to drought, while decomposition 487 

continues or even increases due to greater temperature. Changes in SOM associated with this 488 

imbalance will occur with chemical indices of greater diagenetic alteration and a decrease in 489 

bioreactivity, as more labile SOM components are preferentially decomposed while those more 490 

resistant to decomposition accumulate (Norris et al., 2011). The warming response of the mesic 491 

forests in our study is different likely because tree productivity is not water limited and is predicted 492 

to increase with projected warming for this region in the coming century (Charney et al. 2016; 493 

D’Orangeville et al. 2016). Furthermore, nutrient availability to support that productivity appears 494 

to increase with warming in these forests (Philben et al. 2016) enabling productivity that 495 

compensates for the accelerated decomposition with warming (Ziegler et al. 2017). SOM stocks 496 

therefore remain stable in contrast to more dry continental boreal forest ecosystems. Consequently, 497 

the decreased SOM bioreactivity observed with warming in these mesic forests was not the result 498 

of accelerated diagenesis but rather a shift in vegetation inputs. 499 

The chemical signatures of diagenesis along depth gradients found in this study were 500 

consistent with those typically associated with increasing diagenetic alteration. Increases in δ13C 501 

and δ15N and decreases in C:N with diagenesis are commonly observed in soils and other 502 

environments (Nadelhoffer & Fry, 1988). The decrease in %N-alkyl-C with depth and changes in 503 

the composition of THAA with depth, observed as decreases in the THAA-based DI and the 504 

increase in mol% glycine, have been associated with the microbial processing of organic matter in 505 

a range of terrestrial and aquatic ecosystems (Hedges et al., 1994; Dauwe et al., 1999; Shen et al., 506 

2014; Philben et al., 2016). Our results thus suggest that decadal scale changes to SOM chemistry 507 
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in the organic horizons of these forests are primarily associated with a change in the soil organic 508 

nitrogen (SON) pool.  However, the majority of these SON indices (%N as THAA, DI, mol% gly) 509 

did not vary with latitude while those that did vary by latitude (%N, δ15N) also exhibited latitude 510 

effects in the litter inputs congruent with these trends. 511 

In contrast with SON, most parameters of SOC measured exhibited relatively few 512 

observable net changes during diagenesis as signified by a change with depth. However, they did 513 

provide congruent evidence for the role of litter inputs in regulating climate effects on SOM 514 

chemistry in these forests. The depth increases in %carboxylic C and %alkyl-C observed are 515 

congruent, respectively, with the oxidation of functional groups and accumulation of hydrophobic 516 

compounds (i.e., plant waxes) during diagenesis (Baldock et al., 1992; Quideau et al., 2000). 517 

Accumulation of these functional groups is also consistent with the leaching of more water soluble 518 

compounds from the organic layer supported by the large soil dissolved organic C fluxes observed 519 

in these precipitation-rich climates (Ziegler et al., 2017).  Although some variation in these two 520 

measures was explained by climate region no significant climate region by depth interaction was 521 

observed indicating little evidence for differential diagenesis with climate.   In contrast with 522 

%alkyl-C and %carboxylic-C, the relative abundance of C functional groups (%O-alkyl-C, %di-523 

O-alkyl-C, and %methoxy-C) representing lignin and carbohydrates, the most abundant 524 

macromolecules in plant litter, did not change with depth. This stands in contrast to the retention 525 

of lignin and loss of carbohydrates that typically occurs during litter decomposition (Preston et al., 526 

2009). Instead, the significant effect of latitude on these three parameters further supports the 527 

important role of source and composition of litter inputs in regulating climate effects on SOM 528 

chemistry in these forests.  529 
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4.3. Regional differences in SOM chemistry resulted from differences in moss source and N 530 

content of litter 531 

Despite being within a highly constrained transect where sites were selected for the same 532 

forest type, climate effects on vegetation had a stronger net effect on SOM chemistry compared to 533 

climate effects on soil diagenesis. This underscores the need for delineating soil inputs to 534 

understand the response of soil biogeochemistry to a warming climate. Three central mechanisms 535 

through which climate and associated N availability likely caused the chemical composition of 536 

litter inputs to differ among regions were identified and likely control the changes in SOM 537 

chemistry of mesic boreal forests in the future. 538 

(1) Chemically distinct vascular plant litter. SOM from colder regions ‘inherited’ lower 539 

protein contents and lower δ15N values from the vascular plant litter, explaining the lower %N, 540 

%C as THAA, and δ15N values in SOM from colder relative to warmer sites. Higher δ15N values 541 

and lower C:N ratios in SOM from warmer sites, therefore, should not be interpreted as more 542 

decomposed SOM. Rather, the decrease in %N with latitude likely resulted from greater foliar N 543 

resorption during needle senescence (F. Podrebarac, pers. comm.) in response to lower N 544 

availability at the cooler sites (Philben et al., 2016) consistent with a global trend towards greater 545 

N limitation in high latitude ecosystems (Zechmeister-Boltenstern et al., 2015). 546 

(2) Different proportions of vascular plant versus moss litter. The higher proportion of 547 

moss litter relative to needle litter in cooler climate forests (Fig. 5) led to SOM that was chemically 548 

more similar to moss litter. Compared to vascular plants, mosses contain higher proportions of 549 

carbohydrates and lower proportions of aliphatic compounds (waxes) and no guaiacyl- and 550 

syringyl-type lignins (Kögel-Knabner, 2002). Higher proportion of moss inputs thus explained the 551 

higher proportions of O-alkyl-C and di-O-alkyl-C, and the lower proportion of alkyl-C in SOM in 552 
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the cooler sites. This is furthermore supported by the fact that none of these parameters differed 553 

among the needle litter from the different regions (Fig. 2). Greater moss inputs also led to lower 554 

lignin contents in the cooler forests, however, the differences in the proportion of moss relative to 555 

vascular plant litter could not entirely explain the difference in %methoxy-C observed in SOM 556 

among regions (Fig. 2e). 557 

(3) Distinct changes in litter chemistry during initial litter diagenesis. The majority of 558 

litter mass is lost during initial stages of decomposition, with only a small fraction (20 - 30%) of 559 

the litter input incorporated into organic layer SOM (Berg et al., 1996; Prescott, 2010). 560 

Environmental conditions affect which chemical components of the initial litter are preferentially 561 

decomposed, and which remain to be incorporated into SOM (Wickings et al., 2012). High N 562 

availability has been shown to inhibit the degradation of lignin (Jeffries et al., 1981; Melillo et al., 563 

1989); higher N concentrations in southern regions thus could have led to a stronger accumulation 564 

of lignin during the initial litter decomposition stage explaining the high proportions of %methoxy-565 

C found in the southernmost region compared to our estimate for total litter inputs in that region. 566 

Such effects, however, must have been limited to early litter decomposition, as %methoxy-C 567 

values did not exhibit a significant change with depth across the L, F, and H horizons. Furthermore, 568 

greater precipitation and soil DOC fluxes (Ziegler et al. 2017), likely results in greater leaching of 569 

water soluble compounds in more southern regions, potentially explaining the (non-significant) 570 

stronger enrichment of alkyl-C with depth in the warmer forests.  571 

4.4. Moss contributions mediate the climate effect on SOM chemistry and its bioreactivity 572 

Taken together our results suggest that climate-driven differences in litter chemistry 573 

determined by the proportion of moss and vascular plant litter had the greatest influence on SOM 574 

bioreactivity in these mesic boreal forests. The inter-correlation among these parameters, however, 575 
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prevented us from identifying which chemical properties are responsible for the increase in 576 

bioreactivity with latitude. Instead, we evaluated if this relationship is consistent with the current 577 

understanding of the effects of different SOM properties on decomposition. 578 

Consistent with carbohydrates being metabolically favorable compared to that of lignin 579 

and plant waxes (Lützow et al., 2006; Moorhead et al., 2013; Kuzyakov et al., 2015), the 580 

bioreactivity of SOM increased with the proportion of carbohydrates (%O-alkyl-C and %di-O-581 

alkyl-C) and decreased with the proportion of lignin (%methoxy-C) and aliphatic compounds 582 

(%alkyl-C). Surprisingly, bioreactivity decreased with %N and THAA as %C. Elevated N 583 

concentrations can alleviate the N limitation of microbial decomposers in organic soil horizons 584 

(Mooshammer et al., 2014), and are associated with increased rates of decomposition and therefore 585 

SOM bioreactivity (Briones et al., 2014). The opposite trend observed in our study signifies the 586 

key role of C chemistry in regulating soil respiratory responses. Despite the lack of variation in 587 

Q10 of soil respiration in the intact soil cores studied here, previous results indicate that the lower 588 

soil bioreactivity observed here in the warmer forests may coincide with higher Q10 values relative 589 

to the coldest forests (~4 versus ~3, respectively; Podrebarac et al. 2016). Such an increase in Q10, 590 

however, would only partially compensate for the 19.4% reduction in soil respiration due to the 591 

lower SOM bioreactivity in warmer forests. Under site conditions, respiration rates at a given 592 

temperature would remain higher in the coldest than in the warmest region even if Q10 values were 593 

to increase from 3 to 4 from cold to warm forests (Supporting Information S11). 594 

Our results emphasize that the proportions of nonvascular and vascular plant litter are a 595 

key parameter driving the chemical and thereby biological properties of SOM in these forests. 596 

SOM was degraded faster, under controlled conditions, if it was derived to a larger extent from 597 

moss litter relative to vascular plant litter. This finding stands in contrast to the slower 598 



 28 

decomposition rates of fresh moss litter relative to vascular plant litter in both field (litterbag) and 599 

laboratory studies (Hobbie, 1996; Lang et al., 2009; Hagemann & Moroni, 2015; S. Butler, pers. 600 

comm.). Given what we observed, the moss litter properties responsible for initially slow or 601 

inhibited decomposition are likely lost over time. A number of moss species have been shown to 602 

produce antimicrobial compounds (Banerjee & Sen, 1979; Basile et al., 1999; Dey & De, 2011; 603 

Nikolajeva et al., 2012). Perhaps these compounds are leached out of moss litter during initial 604 

decomposition, leaving behind moss-derived SOM that is chemically more labile than vascular 605 

plant-derived SOM in later stages of decomposition. 606 

The climate induced changes in moss versus vascular plant inputs and its ramifications for 607 

SOM chemistry and bioreactivity stress the importance of accounting for moss litter inputs which 608 

are often missed using typical litter trap methods. Moss NPP accounts for on average 20% of the 609 

total NPP of upland boreal forests (Turetsky et al., 2010). However, this value varies considerably 610 

across forest stands (Bisbee et al., 2001; Gower et al., 2001) in response to humidity, nutrient 611 

availability, and vegetation (Vitt, 1990; Lindo et al., 2013; Gundale et al., 2014). Locally, moss 612 

NPP can exceed vascular plant NPP (Bonan & Van Cleve, 1992; Frolking et al., 1996; Gower et 613 

al., 1997, 2001). Relative to vascular plants, quantifying moss NPP is difficult, labor intensive, 614 

and prone to errors (Yuan et al., 2014). Moss litter production therefore remains poorly constrained 615 

for most boreal ecosystems (Porada et al., 2013). Moss NPP, however, shows little variation with 616 

latitude across mesic boreal ecosystems (Turetsky, 2003; Elbert et al., 2012; Porada et al., 2013), 617 

whereas vascular plant NPP in boreal forests strongly decreases with latitude (Gower et al., 2001). 618 

It is, therefore, likely that the decrease in proportion of moss litter relative to plant litter with a 619 

warmer climate found in this transect is representative of mesic boreal forests in general. Our 620 

results show that such a change might cause a decrease in SOM bioreactivity in a warmer future, 621 
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representing a mechanism by which soil respiration rates can be reduced following initial short 622 

term temperature responses.  623 
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Tables: 877 

Table 1. Location and characteristics of field sites studied herein. Table updated from Kohl et al. (2015) and Ziegler et al. (2017). 878 

Region Site Latitude Longitude Elevation MAT1 MAP1 PET1 Tree species Litter-fall2 Basal 

area2 

SOM in  

LFH2 

LFH 

depth,2 

Soil type 

    (m) (C) (mm a-1) (mm a-1)  (kg ha-1 yr-1) (m2 ha-1) (kg SOM-C m-2) (cm)  

                

Eagle  

River 

(Cold) 

Muddy Pond 

(MP) 
53°33'01''N 56°59'13''W 145 0.0 1074 432 

Abies 

balsamea 
1815  37.2  2.43  9.8  

Humo-ferric 

podzol 

Sheppar's Ridge 

(SR) 
53°03'25''N 56°56'02''W 170 0.0 1074 432 

Abies 

balsamea 
1992 a 50.1 a 2.16 a 7.9 ab 

Humo-ferric 

podzol 

Harry's Pond 

(HP) 
53°35'12''N 56°53'21''W 136 0.0 1074 432 

Abies 

balsamea 
2380  38.2  1.95  7.4  

Humo-ferric 

podzol 

                 

Salmon 

River 

(Mid) 

Hare Bay (HB) 51°15'21"N 56°8'18"W 31 2.0 1224 489 
Abies 

balsamea 
4686 

ab 

45.4  3.13  9.9  
Humo-ferric 

podzol 

Tuckamore (TM) 51°9'51"N 56°0'15"W 16 2.0 1224 489 
Abies 

balsamea 
3213 39.2 a 3.15 ab 8.7 a 

Humo-ferric 

podzol 

Catch-A-Feeder 

(CF) 
51°5'21"N 56°12'16"W 38 2.0 1224 489 

Abies 

balsamea 
194213 34.0  2.51  9.7  

Humo-ferric 

podzol 

                 

Grand 

Codroy 

(Warm) 

Slug Hill (SH) 48°00'39''N 58°54'16''W 215 5.2 1505 608 
Abies 

balsamea 
4562  48.3  2.88  8.1  

Humo-ferric 

podzol 

Maple Ridge 

(MR) 
48°00'28''N 58°55'14''W 165 5.2 1505 608 

Abies 

balsamea 
4007 b 44.7 a 3.23 b 7.9 b 

Humo-ferric 

podzol 

O'Reagan's (OR) 47°53'36''N 59°10'28''W 100 5.2 1505 608 
Abies 

balsamea 
5374  50.1  2.91  8.3  

Humo-ferric 

podzol 

                 

 879 

1MAT; mean annual temperature; MAP, mean annual precipitation; PET, annual potential evaporation. Meteorological data represent 880 

climate normals of 1981-2010 from Cartwright, NL; Main brook, NL; and Doyles, NL weather station and was taken from Environment 881 
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Canada (2014). Potential evaporation was calculated according to Xu and Singh (2001) based on monthly temperature and precipitation 882 

normals. 883 

2
 Letters indicate significant differences among transect regions. Litterfall was collected from June 2011 to June 2013 as described herein. 884 

Soil C stocks from Ziegler et al., (2017).  885 

3Field site affected by extreme windfall event. 886 
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Table 2: Soil organic geochemical parameters measured in this study. 887 
Method Abbreviation Parameter Unit Significance Reference 

Elemental Analysis %C Carbon content %   

 δ13C Stable C isotope value ‰ Typically increases with 

decomposition 

1 

 %N Nitrogen content % Typically increases relative to 

C with decomposition 

 

 δ15N Stable N isotope value ‰ Typically increases with 

decomposition 

1 

      

CP-MAS NMR
a
 %Methoxy-C Relative abundance of 

methoxy-C 

% Indicative of lignin content 2 

 %O-Alkyl-C Relative abundance of 

O-alkyl-C 

% Indicative of carbohydrate 

content 

2 

 %Di-O-Alkyl-C Relative abundance of 

Di-O-alkyl-C 

% Indicative of carbohydrate 

content 

2 

 %Aromatic-C Relative abundance of 

aromatic C 

% Indicative of aromaticity 2 

 %N-Alkyl-C Relative abundance of 

N-alkyl-C 

% Indicative of protein content 2 

 %Carboxylic-C Relative abundance of 

carboxylic-C 

% Indicative of carboxylic acid 

content 

2 

 %Alkyl-C Relative abundance of 

alkyl-C 

% Indicative of plant waxes and 

other aliphatic compounds 

2 

 Alkyl-C:O-

Alkyl-C 

Alkyl-C to O-alkyl-C 

ratio 

 Typically increases with 

decomposition  

2 

      

Total hydrolyzable 

amino acids (THAA) 

%N as THAA Fraction of N present as 

amino acid 

% Typically decreases with 

decomposition 

3 

DI Degradation Index (DI)  Typically decreases with 

decomposition 

3 

Mol% Glycine Fraction of glycine 

among all amino acids 

mol% Typically increases with 

decomposition 

3 

%C as THAA Fraction of C present as 

amino acid 

% Indicative of bioreactivity 3 

References: 1, Nadelhoffer & Fry, 1988; 2, Preston et al., 2000, 2009; 3, Hedges et al., 1994; Dauwe & Middelburg, 888 
1998; Shen et al., 2014; Philben et al., 2016 889 
aNote each parameter measured via NMR is only indicative as a relative measure based on total C observed with the 890 
technique and therefore not fully quantitative. 891 

  892 
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Figure captions: 893 

Figure 1. Conceptual figure depicting how a parameter of SOM chemistry would vary with depth 894 

and latitude (climate region given as Cold, Mid., Warm) if it was not affected by diagenesis or 895 

changing inputs (a), changed with climate due to changes in litter inputs (b) or changed with 896 

diagenesis (c). Changing inputs and diagenesis could furthermore independently act on the same 897 

parameter (d). Diagenetic alteration might also depend on climate, both in the absence (e) or 898 

presence (f) of regionally distinct litter inputs. We posit that if climate region differences result 899 

from different inputs, we expect some parameters to be affected by inputs, but not diagenesis, and 900 

thus to vary with latitude only (b), while other parameters would be affected by diagenesis and 901 

thus vary with depth only (c). Both scenarios allow for parameters that are affected by both depth 902 

and latitude (d). Differences acquired during diagenesis would be indicated by regional differences 903 

increasing with exposure time (and thus with depth), as indicated by an effect of depth and latitude 904 

(e, f).  905 

Figure 2. Depth profiles of parameters of SOM chemistry. (a-d) carbon and nitrogen 906 

concentrations and carbon and nitrogen stable isotope values; (e-l) relative abundance of 907 

functional groups as determined via CP-MAS NMR; (m-p) parameters describing the 908 

concentration and composition of total hydrolysable amino acids (THAA; data from Philben and 909 

others (2016)). Colors indicate study region: black indicates northernmost, coldest region; dark 910 

grey the middle region; and light grey the southernmost, warmest region. Litterfall refers to the 911 

measured litter samples collected in litter traps while total litter refers to the estimate for all 912 

surface inputs to SOM chemistry taking into account foliar litter, woody litter, and moss litter 913 

(see Supporting Information S5). The L,F,H, organic soil horizons are analogous to the Oi, Oe, 914 

and Oa in the U.S. soil classification scheme. 915 
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Figure 2. Parameters of soil organic matter chemistry grouped according to how they vary with 916 

depth, latitude, or both. Parameters for which these two factors together explained less than 50% 917 

of the total variance were excluded. (a) Fraction of variance of each parameter explained by the 918 

factors soil horizon (grey), region (black) and their interaction (light grey). Spearman correlation 919 

coefficient (ρ) between the parameter and depth (b) or latitude (c) where a ρ close to +1 or -1 920 

indicates a monotonous increase or decrease, respectively, of the parameter with depth or latitude, 921 

while a ρ close to 0 indicates independence of the parameter from depth or latitude. Filled bars 922 

(black or grey) indicate a significant correlation (p<0.05) while open bars signify no significant 923 

correlation (p>0.05). Abbreviation for glycine (gly), the total hydrolyzable amino acid (THAA) 924 

content and the degradation index (DI) based upon THAA are used on the left hand side of the 925 

figure. 926 

Figure 3. Effect of SOM chemistry on the bioreactivity (a) and temperature sensitivity of 927 

respiration (b) of SOM of intact soil cores of the organic horizon soil from all study sites. PCA1 928 

represents the first principal component of six measured parameters of SOM chemistry that 929 

differed with latitude. For each parameter, the weighted mean among L, F, and H horizons was 930 

calculated for each site (see Supplemental Information S5). PCA1 explained 79% of the total 931 

variance of these six parameters. The regression between PCA and the cumulative respiration was 932 

calculated separately for each incubation temperature (open symbols, 5 °C; grey symbols, 10 °C; 933 

black symbols, 15 °C). The regions are depicted as circles, cool region; squares, mid region; 934 

diamonds, warm region. Note the logarithmic scale of the dependent variable (cumulative 935 

respiration). The variables used to generate the PCA and their factor loadings versus PCA1 are 936 

stated on top of the figure. Solid lines represent linear regressions where a significant correlation 937 

was detected, dashed lines represent linear trends where no correlation was detected.  938 
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Figure 4. Composition of L layer material by region. L layer material was separated into foliar 939 

litter, woody material and moss litter. Fractions were estimated to the closest 5%. Letters indicate 940 

significant differences among regions. Bold vertical lines indicate median values, boxes the 941 

interquartile range, and whiskers the minimum and maximum values (n = 9 per region). Open 942 

circles indicate outlying values (> 1.5 time the interquartile range difference to lower or upper 943 

quartil 944 
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Supporting Information captions 946 

Supporting Information S1. Map of field sites. 947 

Supporting Information S2. Soil temperature and volumetric water content. 948 

Supporting Information S3. R10 and Q10 values of isolated soil horizons. 949 

Supporting information S4. CP-MAS NMR spectra of soil organic matter and litter samples. 950 

Supporting information S5. Estimated chemical composition of total litter inputs. 951 

Supporting information S6. Bioreactivity of intact soil cores of L, F, and H horizons. 952 

Supporting information S7. Full results of the statistical analysis presented in Figure 3. 953 

Supporting information S8. Average SOM chemistry of intact soil profiles. 954 

Supporting information S9. Correlation among parameters of litter chemistry used to predict 955 

bioreactivity, and cumulative respiration at three temperatures. 956 

Supporting information S10. Evaluation of the effect of regional differences in SOM chemistry 957 

on bioreactivity. 958 

Supporting information S11. Potential effects of changes in Q10. 959 

e).  960 


