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Abstract: In northern hardwood forests, litter decomposition might be affected by nutrient availability,
species composition, stand age, or access by decomposers. We investigated these factors at the
Bartlett Experimental Forest in New Hampshire. Leaf litter of early and late successional species
was collected from four stands that had full factorial nitrogen and phosphorus additions to the soil
and were deployed in bags of two mesh sizes (63 pm and 2 mm) in two young and two mature
stands. Litter bags were collected three times over the next 2 years, and mass loss was described
as an exponential function of time represented by a thermal sum. Litter from young stands had
higher initial N and P concentrations and decomposed more quickly than litter from mature stands
(p = 0.005), regardless of where it was deployed. Litter decomposed more quickly in fine mesh bags
that excluded mesofauna (p < 0.001), which might be explained by the greater rigidity of the large
mesh material making poor contact with the soil. Neither nutrient addition (p = 0.94 for N, p = 0.26
for P) nor the age of the stand in which bags were deployed (p = 0.36) had a detectable effect on rates
of litter decomposition.

Keywords: litter bags; Betula papyrifera; Prunus pensylvanica; Acer rubrum; Fagus grandifolia; Acer saccharum;
Betula alleghaniensis; nitrogen; phosphorus; MELNHE

1. Introduction

The decomposition of leaf litter is the main flux of nutrients from the vegetation to the
soil surface [1-3]. Litter decomposition affects nutrient cycling and nutrient availability [4,5]
in forest ecosystems and contributes to the creation of soil organic matter [4].

Forest succession affects rates of decomposition and nutrient turnover due to changes
in species composition and forest structure [6,7]. Younger forests typically have more open
canopies, allowing more sunlight and rainfall to reach the forest floor, which may increase
decomposition [8,9]. Depending on the ecosystem, the opposite may occur. In Costa Rica,
litter decomposition increased with stand age due to differences in soil properties, tree
community composition, and fungal community structure [10]. In 27 different stands of
varying age and species composition in subtropical China, the decomposition of one litter
species declined with forest age, possibly because young forest stands had microclimatic
conditions more favorable for litter decomposition [11]. Litter decomposition also depends
on the species present, which may differ with stand age. In northern hardwood forests, the
early successional species are white birch (Betula papyrifera), pin cherry (Prunus pensylvanica),
and red maple (Acer rubrum), while mature forests are dominated by American beech (Fagus
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grandifolia), sugar maple (Acer saccharum), and yellow birch (Betula alleghaniensis). These
species differ in foliar chemistry [12].

Experiments with different-sized litter mesh bags have become a staple for evaluating
the effects of soil organisms on litter decomposition [13-15]. Microbes are defined as
<100 pm in diameter, mesofauna are 0.1-2 mm in diameter, and macrofauna are greater
than 2 mm [15]. Microbes include protozoa, nematodes, bacteria, and fungi [15]. Mesofauna
include arthropods such as mites (Oribatida), springtails (Collembola), juvenile spiders
(Araneae), and some insect larvae [16].

Nutrient availability might be expected to affect litter decomposition to the degree
that decomposition is driven by microbial demand for nutrients [7-9,16]. The expression
of enzymes involved in the degradation of lignin is reduced by N addition [17], and P
addition has also been observed to limit microbial processes [18]. The decomposition of
high-quality litter is commonly accelerated by N addition, while that of low-quality litter
with high lignin content is inhibited [17,19]. The addition of N and P together increased
decomposition more than either nutrient alone in tropical forests in southern China [20],
Hawaii [21], and the Amazon [22]. There are few such reports from temperate forests, except
that the decomposition of white oak litter was increased by N addition and decreased by P
addition at Walker Branch, Tennessee, USA, with interactions depending on the application
rates [23].

A long-term study of Multiple Element Limitation in Northern Hardwood Ecosystems
(MELNHE), involving a full factorial N by P addition, was begun in 2011 in northern
hardwoods in New Hampshire, USA [12,24]. Consequences of these nutrient additions to
date include increased soil N and P availability [25]; increased foliar N and P [12,26,27];
increased tree diameter growth under P addition, on average [28], or N addition, in larger
trees [12]; and increased root growth in response to N addition [29] or N+P addition [30].
In this study, we examined the rate of litter decomposition over a 2-year period in four
stands of the MELNHE study, using two different species mixtures of litter (characteristic
of young and mature stands), placed in stands of two age classes (young and mature), in
bags of two mesh sizes, in plots receiving N or P addition.

2. Methods
2.1. Site Description

This study took place in the Bartlett Experimental Forest in the White Mountains of
New Hampshire, USA (44° N 71° W, Figure 1). The climate is humid continental with
the average July temperature being 19.8 °C and the average January temperature being
9.8 °C. The average annual precipitation is 1300 mm [31]. Soils are shallow, well-drained
Spodosols formed in granitoid glacial till; soils have been described in detail based on
three quantitative soil pits excavated in each stand [32,33]. Two stands, C1 and C2, are
early successional, regenerated naturally after clearcutting in 1990 and 1988, respectively,
whereas stands C7 and C9 are mature, having last been cut over in 1890 [28] (Table 1).
Dominant tree species in the young stands were American beech (Fagus americana Ehrh.),
white birch (Betula papyrifera Marsh.), pin cherry (Prunus pensylvanica L.), and red maple
(Acer rubrum L.). Dominant tree species in the mature stands were American beech, sugar
maple (A. saccharum Marsh.), and yellow birch (B. alleghaniensis Britt.).

Table 1. Description of the four stands at the Bartlett Experimental Forest.

Stand Age Class g::::zg Ele(‘iit)ion Aspect S(I;()I;e
C1 Young 1990 570 SE 5-20
C2 Young 1988 340 NE 15-30
c7 Mature 1890 440 ENE 5-10

9 Mature 1890 440 NE 10-35
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A. Bartlett Experimental Forest B. Example plot layout
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Figure 1. (A) Map of Bartlett Experimental Forest showing approximate locations of the two young
and two mature stands used in this study. (B) Layout of the four experimental plots in Stand C9, each
with a 50 m x 50 m treatment area and the 30 m x 30 m measurement area.

Each stand contained four treatment plots fertilized annually beginning in 2011 with
either NH4NOj at a rate of 30 kg N/ha/yr, NaH;POy at a rate of 10 kg P/ha/yr, or both, or
neither [24]. The plots were 50 m x 50 m (0.25 ha) and included a 10 m buffer to ensure
that trees, soil, and leaf litter in the inner 30 m x 30 m measurement area were fully treated
(Figure 1). The measurement area was divided into nine 10 m x 10 m subplots.

2.2. Leaf Litter Collection

Fresh leaf litter from American beech, white birch, pin cherry, red maple, sugar maple,
and yellow birch was collected from the four treatment plots in each of the four stands
between 22 September to 25 October 2012 in deer netting suspended off the ground. Only
litter that was not exposed to rainfall was used in litter bags. Litter was air-dried at room
temperature and sorted by species.

2.3. Litter Bag Assembly

Litter mixes that represented young stands were created from stands C1 and C2. Litter
mixes that represented mature stands were created from stands C7 and C9. The young litter
mix consisted of 1.0 &= 0.02 g American beech, 0.75 =+ 0.02 g white birch, 0.5 & 0.02 g pin
cherry, and 0.5 £ 0.02 g red maple. The mature stand litter mix consisted of 1.25 +0.02 g
American beech, 1.0 & 0.02 g sugar maple, and 0.3 & 0.02 g yellow birch. Mixture masses
were representative of dominant species found in litter traps in these stands in 2005, 2009,
and 2010 [24]. Leaves collected from control, N, P, or N x P plots were deployed in the
respective nutrient treatment plots.

Litter bags (10 x 10 cm) were constructed from nylon mesh and sealed with hot glue.
Small mesh bags (63 um) excluded macrofauna and mesofauna. Large mesh bags allowed
detritivores (mesofauna and microfauna) and had a mesh size of 2 mm on the top portion
and 63 um on the bottom portion to minimize loss due to fragmentation. To determine
the initial oven-dry weight of the samples, a subsample of bags was reserved and dried at
60 °C for 48 h and then weighed.

The large mesh material was noticeably more rigid than the fine mesh material. We as-
sessed the force required to bend 5 bags of each type using a three-point bending test under a
constant speed of 10 mm/min (Shimadzu autograph AGS-X series, Kyoto, Japan). The large
mesh material averaged 3 & 2 N/mm and the small mesh averaged 0.01 & 0.001 N/mm.

2.4. Litter Analysis

Extra litter bags were constructed but not taken to the field. Three to four replicates of
each combination of nutrient treatments (control, N, P, and N + P) and litter mix (young
and old) were analyzed for tissue chemistry (31 samples). Samples were oven-dried at



Forests 2024, 15, 1911

40f 10

60 °C and ground to pass a 40-mesh screen. For P concentration, 0.25 g of each sample was
digested in 10 mL concentrated nitric acid using a MARS 6 microwave digestion system
(CEM Corporation, Matthews, NC, USA), diluted to 50 mL with deionized water, and
analyzed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES,
Optima 5300 DV, Perkin-Elmer, Markham, ON, Canada). For N concentration, 3.5-4.5 mg
of each sample was analyzed using a CN analyzer (FlashEA 1112 analyzer, Thermo Fisher
Scientific, Inc., Waltham, MA, USA).

2.5. Litter Bag Deployment

Ten sets of four litter bags were deployed in each treatment plot of stands C1, C2, C7,
and C9 from 17 to 21 November 2012. One set was randomly placed in each of the nine
subplots, with the 10th set in the center subplot. Each set consisted of all combinations of
the two mesh sizes (large and small) filled with the two litter mixes (young and mature).
Ziplock bags were used to contain the litter bags between the lab and the field to verify
that material was not lost in transport. Litter bags were placed on top of the forest floor
and each group of four bags was covered with 0.375 m? of wildlife netting held in place
with landscaping staples.

2.6. Litter Bag Removal

Three replicate sets of four litterbags were collected from each of the four treatment plots
in each of the four stands on three dates: 12 June 2013, 25 October 2013, and 31 October 2014.
Of the 576 litter bags, only 12 were not found, and in only one case were none of the three
replicates found of a treatment combination (C9 control, 27 September 2014). Collected
litterbags were returned to the lab, dried at 60 °C, and weighed. Litter fragments found in
the empty control bags were weighed to create a corrected initial weight. The empty large
mesh bags used to control for mass gain averaged —0.04 g in July 2013, 0.10 g in October
2013, and 0.16 g in November 2014, and the small mesh bags gained 0.01 g in July 2013, 0.05 g
in October 2013, and 0.05 g in November 2014.

2.7. Data Analysis

All analyses were performed with R software version 4.3 (R Core Team 2023, Vienna,
Austria). We tested for differences in litter N and P concentrations prior to deployment for
31 samples using an ANOVA with species mix, N addition, P addition, and the interaction
of N and P addition. The rate of decomposition was calculated by examining mass loss
at 519, 2252, and 4491 cumulative growing degree days (GDD) where the soil temperature
was above 4 °C [31]. The exponential decay rate constant, k (GDD™ 1), was calculated for
each plot by fitting a nonlinear model of the percentage of the initial mass remaining (A) as
a function of time, using the formula A = Age ¥, where A is the initial mass (100%) and ¢
is time in GDD.

The decay constant k was the response variable in a linear mixed effect ANOVA
calculated with the R package nlme [34]. The full model included N addition, P addition,
the interaction of N and P addition, mesh size (small and large), species composition (litter
from young and mature stands), and stand age (young and mature). The nutrient treatment
plots were nested within each stand and used as random effect variables. Because few of
the terms were significant with the full model, we used backward model selection. The least
significant term was iteratively dropped from each model until there was no improvement
in Akaike’s information criterion (AIC). When the main effect of N was dropped from the
model, the N x P interaction term was also dropped, because an interaction term is not
meaningful without the main effects. To report the difference in decay rates predicted by
the mixed effect models we used the R package emmeans [35].

The dplyr package [36] was used for data wrangling. The package ggplot2 [37] was
used for data visualization, sf for spatial data wrangling [38], ggsn for scale bars [39], ggtext
to display superscripts in figures [40], and patchwork for combining figures for display [41].
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3. Results

Decomposition of leaf litter incubated in northern hardwood stands proceeded over time,
averaging 18% mass loss over the first 7 months, corresponding to 519 growing-degree days,
as this included the first winter. After 11 months, corresponding to 2252 growing degree days,
the average mass loss was 34%. After 22 months, corresponding to 4491 growing degree days,
the average mass loss was 49% (Figure 2).

Large mesh Small mesh
100 1
80 1
60 1
40 1
= Species mix
32 1001 P
~ 380 -- Young mix
2 504 — Mature mix
£ 40+
®
g 128' Nutrient addition
% 60 1 - Control
9N 40 - Nitrogen
‘2‘5 - Phosphorus
100 * N+P
80 1
60 1
401

0 1000 2000 3000 4000 O 1000 2000 3000 4000
Cumulative Growing Degree Days

Figure 2. Mass loss of litter over time, represented by a heat sum. Litterbags were installed on
17-21 November 2012 and removed on 12 June 2013, 25 October 2013, and 27 September 2014.

Litter from P-treated plots (P and NP) had 42% higher P concentrations than litter from
plots without added P (control and N plots) (p < 0.001 for the main effect of P in ANOVA,
Figure 3). Litter from N-treated plots (N and NP) had 5% higher N concentrations than litter
from plots without added P (control and P plots) but this difference was not statistically
significant (p = 0.15). The mix of litter from young stands had 18% higher N concentration
(p < 0.001) and 13% higher P concentration (p = 0.06) than litter from mature stands.

14 4 A A

—~ —~ 47
o ‘> A, Species mix
2 29 = A Young mix
é »E/ A A Mature mix
[ A A c i
2 A, A S 34 A ﬁA . .
© ®© A Nutrient addition
S 104 AA AA S A ® Control
8 8 A ® Nitrogen

A ® Phosphorus

A
8 2 A ﬁﬁ e 2 A ® N+P P
pd a a 2, o] A A A
AL A A AN
81 A
A
4 A A A A
Younlg mix Matu;e mix Younlg mix Matu:e mix
Species mix Species mix

Figure 3. Foliar N and P concentrations of leaf litter from young and mature stands after 2 years of
nutrient addition. These litter samples were taken from bags that were constructed but not installed.

The litter with a species composition characteristic of our young stands decomposed
more quickly than the litter representing mature stands (p = 0.01 for species mix in the full
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model). The environment in which it was placed was not as important: neither the age of the
stand in which it was placed (p = 0.31), N addition (p = 0.59), P addition (p = 0.41), nor the
interaction of N and P addition (p = 0.13) were significant predictors of the decomposition
rate, defined by fitting an exponential decay constant.

Decomposition rates were best explained by a model including only mesh type
(Table 2), where bags of small mesh (63 um) had lost 54% of their mass, whereas bags
of large mesh (2 mm) had only lost 44% of their mass at the end of the experiment (Figure 2).
Using the model with mesh type as the only effect, we found a 26% greater decay constant
in the small mesh bags (p < 0.001, Figure 4).

Table 2. Five models were systematically assessed based on AIC values. The number of terms used
in each model ranged from 1 to 6, with mesh representing small or large mesh type, mix representing
the main effect of young or mature species litter, stand age representing ‘young” and ‘mature’ stand
ages, N and P addition representing whether that nutrient was added, and N x P representing the
interaction of N and P addition. The model with all factors included was the starting point. The least
significant term was dropped from each model, resulting in continuous improvement in the AIC.

Degrees of Freedom Model Terms AIC
6 Mesh + Mix + Stand age + N x P —990
4 Mesh + Mix + P + Stand age —1032
3 Mesh + Mix + P —1054
2 Mesh + Mix —1076
1 Mesh —1092
Large mesh Small mesh
0.0003 - o
— Nutrient addition
N DenD o
=) ® Control
a O o o ® Nitrogen
O 0.0002 o P ® Phosphorus
= o e o e ®
P @0 B oo || TR W | o
E e O DO ﬁ. ::l o ° o
>
© _— s . Stand age
8 0.0001 o 0 ° ® Young stands
0O Mature stands
0.0000 T T T T
Young mix Mature mix Young mix Mature mix

Litter bag species mix

Figure 4. Rate of decay (k) in large mesh and small mesh litter bags with young or mature species mix
and N or P addition incubated in two young stands (C1 and C2) and two mature stands (C7 and C9).

4. Discussion

It was surprising that decomposition proceeded more quickly in 63 um small mesh
bags than in the 2 mm large mesh bags, given the preponderance of reports of larger mesh
sizes allowing faster decomposition, as seen in a meta-analysis examining 132 published
litter bag studies [40]. Fine mesh bags allow entry by microfauna, such as fungi and bacteria.
These organisms break down litter components such as lignin and other side products [42].
Large mesh bags allow entry by mesofauna, such as mites and springtails, in the case of
our 1 mm large mesh; in other studies, even larger mesh sizes allow macrofauna, such as
earthworms and small insects, to contribute to litter comminution.
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Litter decomposition experiments with large mesh bags may have overestimated the
effects of soil mesofauna if loss by fragmentation is mistakenly considered to have been
respired [15,40,43]. In our study, fine mesh was used on the bottom of the large mesh bags
to prevent the loss of litter fragments and frass.

The faster decomposition we observed in fine mesh bags could be an artifact of a
difference in material stiffness. The coarse mesh plastic screen used in our study required
two orders of magnitude more force to deform than the fine mesh (3 = 2 N/mm vs.
0.01 £ 0.001 N/mm). The flexibility of the small mesh bags may have allowed them to
make better contact with the soil, and thus better retain moisture. Drier conditions can
result in decreased respiration [44,45], decreased soil faunal abundance [46], and lower
decomposition rates [47]. A layer of large mesh included with the small mesh bags would
have eliminated this unintended effect of mesh size on bag stiffness.

Decomposition proceeded more quickly for leaf litter collected in the young than
mature stands, even though beech was the largest component of both mixtures (36% of the
young mix and 49% of the mature mix). The other species in the young mix were early
successional (white birch, pin cherry, and red maple), while those in the mature mix (sugar
maple and yellow birch) were shade tolerant. These climax species would be expected
to invest more in defensive compounds and have more recalcitrant litter [48-50]. It is
also possible that beech foliage differs in decomposability between young and mature
stands, but that question cannot be addressed in this study, where species were combined
in mixtures.

Notably, decomposition rates were indistinguishable for litter placed in young and
mature stands. Canopy closure occurs early in stand development in this forest type [47]
and soil moisture and temperature were not consistently higher in our young than in our
mature stands [51]. Thus, in the setting of our study, the differences in litter quality were
more important than the differences in the environment due to stand age.

Initial differences in N concentration of litter from N-treated plots were not detectable
(p = 0.15), and we did not find differences in the decomposition of litter due to N treatment.
Initial differences in litter P were substantial (42% higher in litter from P treatment plots,
p <0.001), so it is perhaps surprising that we did not find differences in the decomposition
of litter due to P treatment.

The young litter mix was higher in concentrations of both N (by 18%) and P (by 13%),
making it a more attractive substrate to decomposers. Given the lack of effect of P con-
centration on decomposition rates, the difference in decomposability of litter from young
and mature forests is likely attributable to their C:N ratio and not the differences in P
compounds. The life history strategies of early successional tree species allow them to
establish quickly, with higher quality leaf litter and more rapid nutrient cycling, while
those of mature forests include greater investments in defense, more lignin, and higher C:N
ratios in foliage, and lower rates of decomposition and nutrient cycling [52]. This study
provides support for the importance of foliar attributes rather than the differences in the
physical environment caused by forest succession.

5. Conclusions

In summary, litter from young stands had higher initial N and P concentrations and
decomposed more quickly than litter from mature stands, regardless of whether it was
placed in young or mature stands to decompose. Litter from trees in plots fertilized with P
had higher P concentrations, but this did not detectably affect litter decomposition rates.
Litter from trees in plots fertilized with N did not have as strong a signal in N concentration,
and no effect of N addition was detected in mass loss rates.

Like the successional status of the stands, the addition of N or P to plots did not have
a detectable effect on decomposition rates. Additional studies of decomposition in the
MELNHE experiment are underway and may be more likely to detect the effects of nutrient
addition; this early experiment was conducted with litter produced after only two years
of fertilization.
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There was a strong effect of mesh type on decomposition rates, probably due to an
unintended difference in mesh stiffness: the large mesh material, intended to allow entry
by mesofauna on decomposition rates, required two orders of magnitude more force to
deform, and thus likely made poor contact with the soil. Care should be taken to avoid
unintended artifacts of treatments; in this case, adding a large mesh layer to the small mesh
bags would have equalized their stiffness.
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