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microtopographies; and (2) oxic and anoxic incuba-
tion assays of peat collected from multiple depths 
within the peat profile, reflecting a natural long-term 
decomposition continuum. On both timescales, we 
hypothesized that higher sphagnan content would be 
associated with lower decomposition rates, and that 
sphagnan would be selectively preserved compared 
to bulk C and other carbohydrates. The litter decom-
position experiment supported both hypotheses, as 
higher sphagnan content was associated with lower 
mass loss, and sphagnan content increased due to 
selective preservation. In the peat, we observed weak 
but significant correlations between the relative abun-
dance of sphagnan (as a fraction of total non-cellu-
losic sugars) and both aerobic and anaerobic respi-
ration rates. This relationship was stronger in cores 
collected from hollow microtopographies than those 
from hummocks. However, there was not a significant 
relationship between respiration rates and the total 
(C-normalized) sphagnan content. Sphagnan content 
increased with depth in the peat profile, indicating 
selective preservation compared to bulk C. Addition-
ally, we observed the accumulation of non-cellulosic 
glucose in the deep peat, likely derived from micro-
bial exopolysaccharides. Together, these results indi-
cate that sphagnan persists in the catotelm and con-
tinues to contribute to the long-term stabilization of 
organic matter in Sphagnum-rich peatlands, although 
the weak relationship with respiration indicates that 
its influence is relatively minor.

Abstract The unique pectin-like carbohydrate 
“sphagnan” has been shown to protect organic mat-
ter from microbial decomposition in Sphagnum-
dominated peatlands. However, the bioavailability 
of sphagnan has not been evaluated, and it is not 
known if it persists or continues to affect decom-
position processes over the long timescales of peat 
formation. To address this, we assessed the connec-
tion between sphagnan content and organic matter 
decomposition rates in a temperate peatland near Fen-
nville, MI, USA. We compared the effects of sphag-
nan over two timescales: (1) a short-term litter incu-
bation assay using mosses from different peatland 
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Introduction

Northern peatlands are a globally significant C sink, 
currently containing between 450 and 1,055 Pg C, 
despite only occupying 2–3% of the total land sur-
face area of Earth (Gorham 1991; Nichols and Peteet 
2019; Yu et  al. 2010). C accumulation is driven by 
lower rates of organic matter decomposition than 
net primary production (Moore and Basiliko 2006). 
Several environmental factors, including persistent 
anoxia, low pH, and cool temperatures contribute 
to the stabilization of peat organic matter, but the 
apparent recalcitrance of Sphagnum (peat moss) also 
appears to play a role (van Breemen 1995). Sphagnum 
decays slower than vascular plants when exposed to 
the same wetland environments (Coulson and Butter-
field 1978; Hobbie 1996; Moore et al. 2007). In addi-
tion, it maintains low decay rates when decomposing 
in mineral soil (Coulson and Butterfield 1978). These 
experiments demonstrate that the chemical composi-
tion or physical structure of Sphagnum contributes to 
the low rates of decomposition in peatlands, in addi-
tion to environmental factors.

The mechanisms responsible for the low quality 
of Sphagnum litter have been attributed to several 
compound classes, including specific phenols such as 
sphagnum acid (Verhoeven and Liefveld 1997; Zhao 
et  al. 2021), lignin-like phenolics (Bengtsson et  al. 
2018; Zaccone et  al. 2008), and structural carbohy-
drates (Ballance et al. 2007; Hájek et al. 2011; Stal-
heim et al. 2009). These three components tend to co-
vary in Sphagnum, and together correlate well with 
the rate of Sphagnum litter decomposition (Bengtsson 
et al. 2018). Phenols and lignin-like phenolics located 
in Sphagnum cell walls have been shown to exhibit 
a “masking” effect, shielding structural carbohydrates 
from decomposition. However, they are preferentially 
degraded over polysaccharides in aerobic conditions 
due to phenol oxidase, enabling further microbial 
digestion of Sphagnum litter (Freeman et  al. 2001; 
Schellekens et al. 2015; Tsuneda et al. 2001). Phenols 
are also hypothesized to play a key role in the long-
term stabilization of peat due to the “enzymatic latch” 
mechanism, which refers to the inhibition of phenol 

oxidase activity in the absence of oxygen (Freeman 
et al. 2004, 2001).

Among structural carbohydrates, the Sphagnum-
specific molecule “sphagnan” has been shown to play 
a role in slowing Sphagnum decomposition, thereby 
aiding in C storage (Børsheim et al. 2001; Hájek et al. 
2011; Maksimova et al. 2013). For example, experi-
mentally removing sphagnan using a chemical treat-
ment accelerated decomposition, while removing the 
Sphagnum phenols had no effect (Hájek et al. 2011). 
Sphagnan is a pectin-like polysaccharide comprised 
of an alternating galacturonic acid and rhamnose 
backbone (Ballance et al. 2007; Kremer et al. 2004). 
The mechanism by which sphagnan aids in peat pres-
ervation is debated, but is often attributed to its excep-
tionally high cation exchange capacity (CEC) (Painter 
1991; Richter and Dainty 1989; Turetsky 2003). The 
high CEC of sphagnan results from the unesterified 
uronic acids present, and it has been demonstrated 
that this allows for the sequestration of N and metals, 
lowering nutrient availability for microbes (Painter 
1991; Verhoeven and Liefveld 1997), decreasing the 
pH of the surrounding environment (Ballance et  al. 
2008; Stalheim et al. 2009), and the potential electro-
static immobilization of extracellular enzymes (Bal-
lance et al. 2008; Painter 2003). Additionally, sphag-
nan fortification of cell walls, particularly in hyaline 
cells, may aid in the storage of water, helping to pre-
vent decomposition (Kremer et  al. 2004; Verhoeven 
and Liefveld 1997).

Sphagnan (along with other structural carbohy-
drates) has been shown to play an important role in 
slowing the decomposition of Sphagnum litter in litter 
bag studies. Sphagnan abundance is correlated with 
lower decay rates among different Sphagnum species 
(Bengtsson et  al. 2018; Turetsky et  al. 2008). Addi-
tionally, Sphagnum species that inhabit relatively dry 
microtopography (hummocks) generally have higher 
sphagnan and structural carbohydrate contents than 
those in lower and wetter microtopography (hollows) 
(Limpens et  al. 2017; Turetsky et  al. 2008). Several 
studies have demonstrated slower litter decay of hum-
mock species despite a drier and more oxygen-rich 
habitat, indicating lower litter quality of the hum-
mock species (Clymo 1965; Hájek 2009; Johnson 
et al. 1990; Johnson and Damman 1991).

Despite the demonstrated importance of sphag-
nan during the early stages of decomposition, it is 
not known if these short-term effects persist and 



Biogeochemistry 

1 3
Vol.: (0123456789)

contribute to long-term stabilization of the peat. 
Most litter bag studies are only a few years in dura-
tion. In contrast, it takes several years for decaying 
litter to form surface peat, and decades to centuries 
for surface peat to be incorporated into the anoxic 
catotelm (the layer below the lowest annual position 
of the water table), whereupon it continues to experi-
ence anaerobic decomposition for millennia. It is not 
known if sphagnan persists over these longer time-
scales, and if so whether it continues to slow decom-
position. Therefore, in this study we evaluated the 
bioreactivity of sphagnan over both short-term moss 
decomposition and long-term peat formation. Effects 
on short-term decomposition were evaluated using 
a 1-year laboratory incubation of moss tissue, and 
long-term effects were evaluated by comparing peat 
collected from different depths, with varying ages 
and decay histories. Sphagnan content was estimated 
in both moss tissues and peat by quantifying rham-
nose, a sugar monomer that comprises nearly half of 
sphagnan (Ballance et al. 2007), but is relatively rare 
in other plant carbohydrates (Popper and Fry 2003; 
Thomas et  al. 1987). Accordingly, Sphagnum bio-
mass is enriched in rhamnose compared to vascular 
plants and other mosses (Jia et al. 2008; Philben et al. 
2014a).

To evaluate the effects of sphagnan on short- and 
long-term organic matter preservation in peat, we 
evaluated two hypotheses: (1) higher sphagnan con-
tent is associated with lower decay rates over both 
short and long timescales (measured by mass loss for 
moss decomposition, and  CO2 production in peat); 
and (2) sphagnan accumulates with decomposition 
both during short-term decomposition and long-term 
peat formation due to selective preservation com-
pared to other carbohydrates and bulk peat C. This 
would result in an increase in rhamnose concentra-
tions over the course of the incubation experiments, 
and elevated concentration in deep peat compared to 
relatively fresh surface peat.

Materials and methods

Study site and sample collection

All moss and peat samples were collected from 
Miner Lake Bog in Allegan County, Michigan, 
USA (N 42.6074, W 86.0620). Miner Lake Bog is 

a temperate peatland consisting of a small bog area 
(approximately 50  m2) dominated by Sphagnum 
mosses and leatherleaf (Chamaedaphne calyculata), 
and a sedge meadow dominated by Eriophorum spp. 
and Carex spp. sedges. Sphagnum samples were 
collected from three hollow and three hummock 
plots within the bog. The samples included both 
the green and senescent portions of the moss stems. 
Mosses collected from the hummocks were identi-
fied as Sphagnum magellanicum, and the mosses 
from the hollow as Sphagnum cuspidatum. Mosses 
were tentatively identified based on field observa-
tions and macroscopic examination with a dissec-
tion microscope, then confirmed using compound 
microcopy. Samples from each plot were processed 
independently and treated as replicates. Samples of 
a non-Sphagnum bryophyte (Polytrichum sp.) were 
also collected from three plots in the forest sur-
rounding the bog for comparison.

All moss samples were inspected by hand to 
remove soil and vascular plant debris. Subsamples 
of each moss sample were oven-dried (70 °C) until 
constant weight, and ground using a Wiley Mill 
(Thomas Scientific). C and N content were deter-
mined using an Elementar Isotope Cube elemen-
tal analyzer. Water holding capacity (WHC) was 
determined by saturating the moss with deionized 
water over filter paper and recording the mass after 
the moss stopped dripping. The remainder of the 
moss samples were kept at 4 °C and field moisture 
content in a sealed plastic bag until the start of the 
decomposition experiments.

Five peat cores (3  m in length) were collected 
from the site using a Russian peat borer (AMS, 
Idaho Falls, ID, USA). Two cores (Cores 1 and 2) 
were collected from hollows, two (Cores 3 and 5) 
were collected from hummocks, and one (Core 4) 
was collected from the sedge meadow adjacent to 
the bog. Cores were collected in 50  cm segments, 
wrapped in plastic wrap to minimize drying and 
air exposure, and stored in PVC tubes cut in half 
lengthwise. 8  cm sections were taken from each 
core every 20  cm and homogenized by hand. Sub-
samples were weighed and dried to determine water 
content, then ground as described above for chemi-
cal analysis. An additional subsample was mixed 
with  CaCl2 in a 1:10 (w/v) mixture and pH was 
measured using a Thermo Scientific Orion pH elec-
trode (Thermo Scientific, Waltham, MA, USA).
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Decomposition experiments

Moss decomposition microcosms were constructed 
by adding 8.5 g of moss to 70 mL glass serum bot-
tles, which were wrapped in aluminum foil prior to 
incubation to prevent photosynthesis. A microbial 
inoculum was created by mixing a sample of sur-
face peat with MilliQ (18.2 MΩ-cm) water until 
saturated. 0.5 mL of this slurry was added to each 
of the moss microcosms using a micropipette. The 
mosses were adjusted to 70% of their measured 
WHC and the bottles were capped with parafilm to 
reduce water losses. A total of 21 microcosms were 
constructed: three replicates of Sphagnum moss 
from each of the three hollow and hummock plots, 
and three replicate incubations of the Polytrichum 
sp. Approximately monthly, water was replaced 
based on the mass change of the microcosm, and 
the parafilm was replaced. After 323 days of incu-
bation, samples were removed from incubation 
vials, weighed to determine mass remaining, and 
dried and ground for chemical analysis.

Peat incubation experiments were conducted on 
a total of 60 samples, representing 11–13 depths 
within each of the five cores (two hummock, two 
hollow, and one sedge meadow). Peat microcosms 
were constructed by adding 10 g of the field-moist 
homogenized peat to each of two 70 mL serum bot-
tles, one each for aerobic and anaerobic incubation. 
The oxic microcosms were covered with parafilm 
with holes for gas exchange and pre-incubated at 
room temperature for 7 to 10 days. The microcosms 
were then capped with rubber septa and the con-
centration of  CO2 in the headspace was measured 
using an Agilent 6890 gas chromatograph with a 
flame ionization detector (GC-FID) equipped with 
a methanizer (Restek Corporation, Bellefonte, PA, 
USA). The headspace  CO2 concentration was meas-
ured again after 24 h to determine the rate of  CO2 
production. Anoxic microcosms were immediately 
sealed with a rubber stopper and flushed with  N2 to 
remove air from the head space. Microcosms were 
incubated at room temperature for 20–24 days, after 
which  CO2 concentrations were measured by GC-
FID. Reported rates of  CO2 production in both incu-
bations include dissolved inorganic C species cal-
culated using Henry’s Law (Sander 2015) and the 
measured pH of each peat sample.

Carbohydrate analysis

Moss and peat samples were hydrolyzed, converted to 
trimethylsilyl-dithioacetal (TMSD) derivatives, and 
analyzed using gas chromatography/mass spectrom-
etry (GC-MS) to determine their total non-cellulosic 
sugar content. 20 ± 1  mg of dried sample material 
were weighed into a 2 mL gas chromatography vial. 
1  mL of 2  M trifluoroacetic acid (TFA; De Ruiter 
et  al. 1992; Rumpel and Dignac 2006) was then 
added to each sample. Vials were capped and vor-
texed for 10 s before heating at 100 °C for five hours 
(Garna et  al. 2006). After hydrolysis, samples were 
transferred to 1.5  mL centrifuge tubes, and centri-
fuged for 5 min at 3000 RPM. A 400 μL aliquot of 
the supernatant was transferred into a GC vial, then 
all liquid was evaporated under a gentle stream of  N2 
gas at 50 °C using a Thermo-Scientific Reacti-Therm 
heating module. Any samples not immediately deri-
vatized were stored in the freezer.

Samples were converted to TMSD derivatives fol-
lowing the method of Xia et  al. (2018). Aliquots of 
peat hydrolysates were prepared for silylation with 
the addition of a 2:1 mixture of ethanethiol and 13 M 
TFA, prepared separately and vortexed for 10 s before 
addition (Xia et al. 2018). This prevented isomeriza-
tion of sugars present, avoiding multiple peaks in the 
GC chromatograms (Pitthard and Finch 2001). 100 
μL of the ethanethiol and TFA mixture was added to 
each sample before vortexing for 10 s to ensure com-
plete dissolution of all hydrolyzed materials. After 
allowing the reaction to proceed for ten minutes at 
ambient temperature, samples were vortexed again 
for 10  s, then silylated with 385 μL of pyridine, 75 
μL of hexamethyldisilazane, and 40 μL of chlorotri-
methylsilane before capping and sealing vials with 
parafilm to prevent evaporation. The reaction was 
allowed to proceed for 30 min at 70 °C before vortex-
ing and cooling.

Liquid–liquid extraction was used to isolate 
organic compounds for analysis. Derivatized samples 
were added to 10  mL separatory funnels by rinsing 
with 2 mL of MilliQ water in 1 mL increments, then 
extracted with 3  mL of chloroform in 1  mL incre-
ments. The aqueous phase remaining in separatory 
funnels was removed before washing organic com-
ponents with 3  mL of NaCl brine. The remaining 
organic fraction was dried over  MgSO4 before filter-
ing with quartz wool into a GC vial for analysis.
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GC-MS analysis was performed on an Agilent 
6890 GC with a Model 5973 Mass Selective Detec-
tor (Agilent Technologies, Santa Clara, CA, USA). 
The temperature profile and MS parameters utilized 
were in accordance with Xia et  al. (2018). Sugar 
content of samples was calculated using calibration 
curves made from a mixed sugar standards using 
six sugar monomers (xylose, arabinose, rhamnose, 
galactose, glucose, and mannose).

The recovery of sugar monomers from acid 
hydrolysis of carbohydrates is highly dependent 
on the acid used and the reaction conditions (De 
Ruiter et al. 1992; Garna et al. 2006, 2004). Aggres-
sive hydrolysis is necessary to achieve complete 
cleavage of glycosidic linkages, but different types 
of linkages have varying resistance to acid. Sugar 
monomers decompose in acid over time, again at 
different rates. Therefore, the hydrolysis conditions 
that optimize recovery varies by carbohydrate. We 
selected hydrolysis conditions (2  M TFA for 6  h; 
Wicks et  al. 1991) that were reported in the lit-
erature to be optimal for the hydrolysis of pectin 
(Garna et  al. 2006), as a close structural analogue 
for sphagnan.

Optimizing hydrolysis to maximize the total car-
bohydrate yield requires harsher conditions than is 
optimal for pectin hydrolysis (Cowie and Hedges 
1984). Pre-treatment of samples with concentrated 
 H2SO4 at room temperature for 2  h, followed by 
dilution to 1.2 M and heating for 3 h has been shown 
to maximize the recovery of cellulose (Pakulski and 
Benner 1992; Skoog and Benner 1997). Cellulose 
is typically the most abundant carbohydrate, so this 
method also maximizes the total hydrolysable sugar 
yield. As the TFA hydrolysis used herein does not 
efficiently hydrolyze cellulose, our reported yields 
should be interpreted as the total of the hemicellu-
lose fraction, plus an unknown fraction of the cel-
lulose. The total sugar yields measured in this study 
are correspondingly lower than those reported in 
studies using  H2SO4 pretreatment and hydrolysis. 
For example, we measured that the sugar yield of 
Sphagnum biomass was approximately 9–12% of 
total C, compared to 35–40% using  H2SO4 hydroly-
sis with pretreatment (Philben et  al. 2015, 2014a). 
However, our approach in the present study maxi-
mized recovery of pectins, and is therefore ideal for 
assessing the abundance of sphagnan.

Data analysis

One-way ANOVA tests with post-hoc Tukey’s Hon-
est Significant Difference tests were used to deter-
mine significant differences in mass loss, sugar 
content and composition in the three moss types. 
Two-tailed t-tests were performed to determine sig-
nificant changes in sugar composition before and after 
decomposition. Two-tailed t-tests were also used to 
determine significant differences in  CO2 production 
rates and sugar composition between peat samples 
from hollow and hummock cores. The relationship 
between sugar composition and  CO2 production rates 
was tested using linear regression. All statistics were 
performed in R version 3.6.1 (R Core Team, 2013), 
and figures were created using Origin 2019b.

Results

Moss decomposition experiments

Mass loss over 323 days of decomposition varied sig-
nificantly among the moss types (ANOVA; F = 6.899; 
degrees of freedom (df) = 2; p = 0.007). The non-
Sphagnum moss, Polytrichum sp., averaged 37 ± 2.3% 
mass loss (mean ± 1 standard error), compared to 
31.5 ± 2.2% in Sphagnum cuspidatum and 21.5 ± 3% 
in Sphagnum magellanicum (Fig.  1). Mass loss in 
the hollow species (S. cuspidatum) was significantly 
higher than in hummock species (S. magellanicum; 
Tukey’s HSD; p = 0.0304), and was significantly 
higher in Polytrichum sp. than in S. magellanicum 
(p = 0.0124). However, the difference between Pol-
ytrichum sp. and S. cuspidatum was not significant 
(p = 0.4789).

Prior to the decomposition experiment, the three 
moss types had a similar yield of total non-cellu-
losic sugars, but differed in composition. The six 
quantified sugar monomers accounted for an aver-
age of 10.3 ± 1.0% of the total C in S. cuspidatum, 
11.4 ± 0.5% in S. magellanicum, and 9.9 ± 2.9% in 
Polytrichum sp. (Fig.  2a). Differences in the total 
sugar content were not significantly different among 
the moss types (F = 2.868; df = 2; p = 0.0845). How-
ever, the relative abundance of rhamnose (expressed 
as a mole % of the total sugars) was significantly 
different (F = 23.35; df = 2; p < 0.001; Fig.  2b). 
Mole % rhamnose was significantly higher in both 
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S. magellanicum and S. cuspidatum compared to the 
Polytrichum sp. (15.5 ± 0.4%, 13.8 ± 0.5%, and 8.6 
1.2%, respectively; p < 0.001). While the average 
mole % rhamnose in S. magellanicum was higher 
than in S. cuspidatum, the difference was not sig-
nificant (p = 0.2187). The C-normalized yield of 
rhamnose also varied significantly by moss type 
(F = 8.843; df = 2; p = 0.002; Fig.  2c). Rhamnose 
content was significantly higher in S. magellani-
cum than in S. cuspidatum (1.8 ± 0.1 vs. 1.4 ± 0.1% 

of total C; p = 0.0425). The rhamnose content in 
Polytrichum sp. (1.2 ± 0.1% of total C) was sig-
nificantly lower than S. magellanicum (p = 0.002), 
but not significantly different than S. cuspida-
tum (p = 0.2751). The relatively higher rhamnose 
content of S. magellanicum was at the expense of 
xylose and mannose, which were more abundant in 
S. cuspidatum (Fig. 3). Polytrichum sp., in contrast, 
was dominated by mannose (46.5 ± 2.7 mol %), with 
correspondingly lower mole % of the other sugars. 

Decomposition affected the relative abundance, 
but not the total yield of the analyzed sugars. The 
change in %C as total sugars did not vary signifi-
cantly for either Sphagnum species when compar-
ing the “initial” and “final” moss samples (p = 0.160 
and 0.359 for S. cuspidatum and S. magellanicum, 
respectively; Fig. 3). However, rhamnose was selec-
tively preserved, increasing from 13.8 to 15.9  mol 
% in S. cuspidatum and from 15.5 to 18.0% in S. 
magellanicum. The increase was significant in both 
Sphagnum species (p = 0.037 and 0.021, respec-
tively). The absolute abundance of rhamnose 
increased in both moss types (from 1.4 to 1.9% of 
total C in S. cuspidatum and from 1.8 to 1.9% in S. 
magellanicum), but the change was only significant 
for S. cuspidatum (p = 0.008). In S. cuspidatum, 
changes in the relative composition of the other 
sugars were subtle (Fig. 3). Mannose declined from 
20.8 to 19.6  mol %, but no other sugar changed 
abundance by more than 1 mol %. In S. magellani-
cum, mole % xylose increased from 18.9 to 24.8% 
of the total sugars, while the abundance of arab-
inose, glucose, mannose, and galactose declined.

Fig. 1  Mass loss over the course of the moss decomposition 
experiment. Error bars indicate one standard error of the mean. 
Letters indicate significantly different groups (p < 0.05)

Fig. 2  Changes in %C as total sugars (a), mole % rhamnose 
(b), and %C as rhamnose (c) in the three moss types, before 
and after the moss decomposition experiment. “Poly” refers to 
Polytrichum sp., which was analyzed only prior to the decom-

position experiment. Error bars indicate one standard error. 
Letters indicate significantly different groups among the initial 
moss tissues. Asterisks (*) indicate a significant difference in 
composition between the initial and final moss tissues
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CO2 production from peat incubation experiments

CO2 production in peat microcosms was highly vari-
able both within individual cores and among cores 
collected from different locations within the bog. 
Overall, peat collected from hollows produced sig-
nificantly more  CO2 during the aerobic incubations 
(p < 0.001; Fig. 4).  CO2 production was > 350 µmol g 
dry  weight−1   day−1 in the surface peat for both 
hollow cores, but was less than 150  µmol  g dry 
 weight−1   day−1 throughout the hummock and sedge 
meadow cores. Aerobic  CO2 production generally 
declined with depth, but this was not apparent in all 
cores. For example, in peat from Cores 1 and 3, the 
surface peat had the highest respiration rate, but there 
was no apparent change with depth in the rest of the 
core.

Rates of anaerobic  CO2 production were approxi-
mately two orders of magnitude lower than in the aer-
obic incubations. Similar to the patterns for the aer-
obic incubations, the rate of  CO2 production tended 
to decline with depth in most of the cores, with the 
exception of Core 1. Unlike in the aerobic incuba-
tions, the difference between cores from hummocks 
and hollows was not significant (p = 0.337).

Sugar composition of the peat

There were no consistent trends in the total sugar con-
tent with depth in the peat profile. While the sugar 
content varied between 5.3 and 17.0 percent of the 
total C, only Core 2 exhibited a consistent decline 

in the sugar yield with increasing depth (Fig.  5). 
Increases with depth in the relative abundance (mole 
%) of rhamnose were observed in Cores 2, 4, and 5, 
but not in the other two cores (Figure S1). This pat-
tern was therefore not consistent across microtopog-
raphies. Although neither parameter exhibited con-
sistent changes with depth, %C as sugars and mole 
% rhamnose were inversely correlated across all five 
cores  (r2 = 0.44; Fig.  6), indicating that lower sugar 
yields resulted in enrichment of rhamnose. The total 
rhamnose content (%C as rhamnose) consistently 
increased with depth in the peat profiles (Fig.  5). 
While the shapes of the profiles varied, the high-
est rhamnose content was found in the bottom half 
(below 1.5 m) in all five cores, and each core exhib-
ited a trend toward higher rhamnose content with 
depth in the bottom meter. In addition, an increase 
in mole % glucose was consistently observed in all 
five cores (Figure  S2). The relative increase in glu-
cose abundance was at the expense of xylose and 
arabinose, both of which declined in abundance with 
depth.

The sugar composition of the peat significantly 
explained some of the variability in  CO2 produc-
tion, but the relationship varied by microtopog-
raphy (Fig.  7). The total sugar content was sig-
nificantly correlated with  CO2 production only 
in the anaerobic incubations of the hollow cores 
(p = 0.0288;  r2 = 0.208; Fig.  7b)). Mole % rham-
nose was the best predictor of respiration rates; it 
was significantly correlated with aerobic respira-
tion in the hollows  (r2 = 0.248; p = 0.015; Fig. 7c), 

Fig. 3  Changes in the relative abundance of sugar monomers during the moss decomposition experiment. Error bars indicate one 
standard error
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anaerobic respiration in the hollows  (r2 = 0.390; 
p = 0.001), and anaerobic respiration in the hum-
mocks  (r2 = 0.1724; p = 0.0488; Fig.  7d). The 
C-normalized yield of rhamnose did not signifi-
cantly predict either aerobic or anaerobic  CO2 pro-
duction in any of the three microtopographies, and 

none of the measured parameters significantly cor-
related with either type of respiration in the sedge 
meadow core.

Fig. 4  Aerobic (left) and anaerobic (right)  CO2 production observed in peat microcosm incubation experiments. Units are µmol  CO2 
produced per g dry weight of soil per day
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Discussion

Effect of sphagnan on moss decomposition

We found that a hummock Sphagnum species exhib-
ited a lower rate of decomposition than a hollow 
species, and that both Sphagnum species decayed 

slower than a non-Sphagnum moss (Fig. 1),  consist-
ent with previous literature (Bengtsson et  al. 2016; 
Clymo 1965; Johnson and Damman 1991; Rydin 
et  al. 2006). Also consistent with previous studies 
(Turetsky et al. 2008), this could not be explained by 
a difference in total carbohydrate content, which was 
not significantly different across the moss types. The 

Fig. 5  Depth profiles of 
the total sugar content and 
%C as rhamnose in the five 
peat cores
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ranking of decomposition rates (Polytrichum sp. > S. 
cuspidatum > S. magellanicum) was the inverse of the 
ranking of sphagnan content (as measured by %C as 
rhamnose), which supports the hypothesis that sphag-
nan inhibits moss decomposition. However, sphagnan 
content co-varies with other relatively recalcitrant 
biomolecules such as amorphous and lignin-like 

phenols in Sphagnum (Bengtsson et  al. 2018). Our 
observed relationship therefore does not demonstrate 
that sphagnan itself is causing the difference in decay 
rates.

Selective preservation of sphagnan was observed 
during decomposition of both Sphagnum species. The 
increase in both mole % rhamnose and the abundance 
of rhamnose as a fraction of the total C indicates that 
sphagnan was degraded slower than either other car-
bohydrates or bulk C, respectively. In contrast, we did 
not observe selective decomposition of total non-cel-
lulosic sugars, which remained a constant fraction of 
total C before and after the experiment. In previous 
studies, selective decomposition of carbohydrates is 
often observed due to their relative lability compared 
to other biomolecules (Kögel-Knabner 2002; Preston 
et  al. 2009). However, the timing and trajectory can 
vary considerably. For example, in a litter bag study 
of cypress needle decomposition, the sugar yield 
declined by 54% within the first year (corresponding 
to 59% mass loss). In contrast, smooth cordgrass lit-
ter exhibited a decline in sugar yield only after four 
years of decomposition and > 90% mass loss (Opsahl 
and Benner 1999). In another example, the carbohy-
drate content of spruce needles changed little during 
the first year of decomposition (up to 25% mass loss; 

Fig. 6  Correlation between the total sugar content and mole % 
rhamnose in the analyzed peat samples

Fig. 7  Correlations 
between  CO2 production 
rates and total sugar content 
(a and b) or mole % rham-
nose (c and d). Regression 
lines are displayed when 
the slope was significantly 
different from 0. Units for 
respiration rates are µmol 
 CO2 produced per g dry 
weight of soil per day
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Lorenz et  al. 2000), but declined significantly after 
six years (Preston et al. 2009). The observed lack of 
change in total sugar yield could therefore be attrib-
uted to the relatively low levels of mass loss in the 
moss decomposition experiment (< 40%). This is sup-
ported by the generally lower sugar yields in the peat 
soils compared to in the moss tissues.

Overall, the moss decomposition experiment 
revealed that sphagnan accumulates due to selective 
preservation, and that higher sphagnan content is 
associated with lower decay rates in the three moss 
species. Both lines of evidence are consistent with 
sphagnan playing an important role in the stabiliza-
tion of Sphagnum organic matter during the early 
stages of peat diagenesis.

Selective carbohydrate decomposition in the peat 
column

The peat column provides a natural extension of the 
diagenetic continuum to evaluate selective preser-
vation of sugars over longer timescales. The sur-
face peat represents a more advanced stage of decay 
than mosses from the experiment, having experi-
enced at least several years of decomposition. The 
extent of decomposition is expected to increase with 
depth within the surface acrotelm, the layer above 
the lowest position of the water table, in which peat 
is exposed to oxygen at least part of the year. In the 
catotelm, below the lowest position of the water table, 
rates of organic matter decomposition are two to three 
orders of magnitude lower (Clymo 1984). There-
fore, the extent of decomposition does not necessar-
ily continue increasing with depth despite increasing 
age, and may also reflect differences in environmen-
tal conditions when that peat was still in the acrotelm 
(Philben et al. 2014b; Williams and Yavitt 2003).

The evidence for selective decomposition of car-
bohydrates was mixed. The total non-cellulosic sugar 
yield was lower in the peat than in the mean post-
decomposition moss sample in all but three peat sam-
ples, consistent with selective decomposition of total 
carbohydrates compared to bulk C. However, there 
was little evidence for further declines with depth in 
the peat column. This suggests that selective loss of 
carbohydrates occurs mainly in the late stages of lit-
ter decay and the early stages of peat formation, so 
that surface peat is already depleted in easily degra-
dable carbohydrates. This is consistent with Pipes and 

Yavitt (2022), who also observed a large difference in 
composition between plant biomass and surface peat, 
but minimal changes with depth.

The abundance of rhamnose throughout the peat 
cores provides evidence that sphagnan persists in the 
catotelm. Pipes and Yavitt (2022) used sequential 
extraction to show that a pectin-like organic matter 
fraction (attributed to sphagnan) survives long-term 
decomposition and is found in the catotelm. This 
pectin-like fraction was defined functionally as the 
fraction extracted by cyclohexanediamine tetra acetic 
acid (CDTA), which is thought to release ionically-
bound pectin through the removal of calcium, but 
the composition cannot be confirmed. In contrast, 
our approach specifically identifies a sugar mono-
mer associated with sphagnan (rhamnose), but can 
provide no information regarding function. Together, 
these studies provide complementary support for 
the persistence of both the structure and function of 
sphagnan in the catotelm.

Sphagnan content was also lower in the surface 
peat compared to the decomposed moss litter. This 
could be interpreted as selective decomposition of 
sphagnan during peat formation, but is more likely 
due to mixing with vascular plants that lack sphag-
nan. Vascular plants have lower rhamnose content 
but are rich in arabinose and xylose due to arabinoxy-
lan hemicelluloses (Comont et  al. 2006; Cowie and 
Hedges 1984; Wicks et  al. 1991). In contrast, both 
mole % rhamnose and the %C as rhamnose increased 
with depth in most of the cores. This is unlikely to 
result from vegetation change over time; while a 
detailed paleoecological reconstruction has not been 
conducted at this site, the succession at a nearby site 
(DeVries-Zimmerman et al. 2014) and at other Michi-
gan kettle lake bogs (Booth et al. 2004) has proceeded 
from lake sediments to fen to bog communities. In 
our cores, we observed a transition from fibrous peat 
at the top, to sapric peat between two and three meters 
depth, based on macroscopic visual inspection. Previ-
ous coring at this site shows the fen (characterized by 
marl deposits) to bog transition occurring at deeper 
depths than those utilized for this study (DeVries-
Zimmerman personal communication 2024). Thus, 
the deeper sapric peat would be expected to have 
lower Sphagnum content. Furthermore, there was no 
increase in arabinose or xylose abundance with depth, 
as would be expected for a vascular plant source. The 
observed increase in sphagnan content is therefore 
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most likely to result from selective preservation rather 
than shifts in the botanical sources of the peat.

The increase in mole % glucose with depth was 
the most consistent trend observed, occurring in all 
five cores (Fig.  5). Although cellulose is a glucose 
polymer, this pattern cannot be attributed to cellulose 
preservation because our method does not efficiently 
hydrolyze cellulose. Two processes could contrib-
ute to the accumulation of glucose with depth. First, 
it could be attributed to accumulation of microbial 
exopolysaccharides, many of which are enriched in 
glucose (Andrew and Jayaraman 2020; Decho 1990; 
Leppard et al. 1977). Second, it could result from the 
partial breakdown of cellulose, such that its glyco-
sidic bonds are labile to hydrolysis under more mild 
conditions (Comont et al. 2006). Both interpretations 
indicate that the extent of decomposition in the peat 
cores increased with depth below 1 m.

This is consistent with an increase in the rela-
tive abundance of non-cellulosic glucose with depth 
observed in a French peatland (Comont et al. 2006). 
However, the cores used in this study were 50 cm in 
length and therefore reflected mostly transformations 
within the acrotelm. Our observation of increasing 
glucose abundance below 1  m indicates that selec-
tive decomposition continued in the catotelm under 
anaerobic conditions. Despite the apparently advanc-
ing state of decomposition, our results indicate that 
microbial remains and cellulose, rather than sphag-
nan, were selectively preserved during this phase of 
decomposition.

Relationship between respiration rates and sugar 
composition

Overall rates of  CO2 production in the anoxic micro-
cosms were on the low end of the range reported in 
previous studies. For example, Moore and Dalva 
(1997) reported a range of 1.6 to 42.7 µmol  g−1  day−1 
in incubations of 140 peat samples, compared to a 
range of 0.5 to 3.5  µmol   g−1   day−1 observed in the 
present study. In contrast, the rates observed in the 
oxic microcosms were much higher, and on the upper 
end of the range of observed rates (Moore and Dalva 
1997; Scanlon and Moore 2000; Yavitt et  al. 2005). 
This discrepancy may be due to the relatively long 
pre-incubation period used in the oxic experiments, 
likely allowing microbial biomass to increase before 
the measurement of  CO2 production rates.

Peat in cores collected from hollows appeared 
to have higher organic matter quality than the hum-
mock cores, as indicated by higher rates of aerobic 
 CO2 production. This is consistent with moss decom-
position results attributed to greater investment in 
structural carbohydrates by hummock-dwelling spe-
cies (Turetsky et  al. 2008; this study). Our results 
suggest that the difference in organic matter quality 
between microtopographies extends into the peat, as 
hollow samples from as deep as 2 m exhibited aero-
bic  CO2 production higher than any in the two hum-
mock cores (Fig. 4). However, the difference in qual-
ity only affected aerobic decomposition; there was no 
difference in anaerobic  CO2 production between the 
microtopographies.

CO2 production generally declined with depth in 
the cores, with the exception of aerobic production 
in the hummock cores and anaerobic production in 
Site 5 (the sedge meadow). This reflects declining 
organic matter quality as the extent of decomposition 
increases with depth in the peat column. Addition-
ally, a declining supply of dissolved organic C (DOC) 
derived from leaching from surface sources could 
also contribute to this trend, as such leachates have 
been demonstrated to be important substrates even 
deep in the peat profile (Chanton et al. 2008, 1995).

There was a correlation between the respira-
tion rates and the relative abundance of rhamnose 
(sphagnan as a percentage of the total sugars), but 
not the C-normalized yield of rhamnose (reflect-
ing total sphagnan content). As non-cellulosic car-
bohydrates are among the most bioavailable organic 
matter fractions, this relationship suggests that the 
composition of this pool can play an important role 
in determining its overall bioavailability. In contrast, 
the lack of a relationship between the C-normalized 
rhamnose yield and respiration rates suggests that a 
higher relative abundance of sphagnan could be offset 
by a higher total non-cellulosic sugar yield in some 
samples. These results indicate a continuing signifi-
cant, but relatively subtle, influence of sphagnan on 
organic matter stabilization in peat profiles, in partial 
support of our first hypothesis. The weak relationship 
is consistent with other co-occurring mechanisms for 
organic matter stabilization in the catotelm such as 
the enzymatic latch (Freeman et al. 2004, 2001).

We also observed important differences in the 
relationship between organic matter quality and  CO2 
production among different microtopographies, as 
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sphagnan relative abundance better predicted respi-
ration in the hollows compared to in the hummocks 
(Fig.  7). The correlation was not significant in the 
sedge meadow core, consistent with lower abundance 
of Sphagnum remains. This pattern, along with the 
overall lower  CO2 production in the hummock com-
pared to the hollow peat, indicates that the chemical 
composition has a larger impact on the bioavailability 
of hollow peat. We suggest that this could result from 
greater structural stability of hyaline cells in hum-
mock mosses (Turetsky et al. 2008), which can pro-
vide a physical barrier against microbial attachment, 
but is not apparent in chemical signatures (Philben 
et al. 2018; Tsuneda et al. 2001). The physical struc-
ture of Sphagnum stems has been observed to persist 
deeper into the peat in hummocks than in hollows 
(Johnson et  al. 1990), which may contribute to the 
persistent disparity in respiration rates between the 
microtopographies below the surface.

Overall, it appears that sphagnan has a measurable 
but limited effect on decomposition rates during long-
term peat formation. The inverse correlation between 
%C as sugars and mole % rhamnose indicates that 
sphagnan is selectively preserved compared to other 
sugars, and constitutes a significant fraction of the 
total carbohydrates in highly degraded peats. The cor-
relation between sphagnan relative abundance and 
respiration supported the hypothesis that sphagnan 
continues to inhibit microbial activity, even in highly 
decomposed deep peat soils. However, the relatively 
weak correlation indicates that less than 40% of the 
variability in respiration is explained by the sugar 
composition, and that other environmental factors 
play an important role in determining organic matter 
quality in the peat.

Conclusions

We hypothesized that higher sphagnan content 
reduces the rate of organic matter decomposition and 
that sphagnan is selectively preserved, both during 
short-term litter decomposition and long-term peat 
formation. Both hypotheses were at least partially 
supported. In the moss decomposition experiment, 
we found that higher sphagnan content was associated 
with lower decay rates, consistent with previous stud-
ies. In addition, the relative abundance of sphagnan 
increased during decomposition, indicating selective 

preservation. In the peat, sphagnan content increased 
with depth, indicating its persistence and selec-
tive preservation over the longer timescales associ-
ated with peat formation. The relative abundance 
of sphagnan as a fraction of total sugars was gener-
ally associated with lower  CO2 production, although 
there was no relationship between respiration and the 
total sphagnan content (normalized to total C). These 
results indicate that sphagnan continues to play a role 
in the stabilization of organic matter during the slow 
process of anaerobic decomposition in the catotelm, 
although the relatively weak relationships suggest 
that it is one of many processes contributing to the 
inhibition of decomposition under these conditions.
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