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Necromass is a critical structural and functional component of forest ecosystems that represents an
important and relatively long-lived aboveground forest carbon pool. In the Atlantic Forest of Northern
Argentina, a large area of native forest has been replaced by commercial, non-native tree plantations.
We hypothesized that total aboveground necromass would be affected by forest conversion.
Specifically, we expected a general decrease in necromass with conversion to non-native pine planta-
tions. In five different Pinus taeda plantations (PP) and five native forests (NF) sites in Misiones,
Argentina, we quantified the fallen coarse woody debris (CWD: >2 cm diameter) and litter layer (LL:
<2 cm diameter) biomass. We compared NF and PP ecosystems with respect to biomass, CWD size
classes, decomposition levels, mass moisture content and water volume retained. Coarse woody debris
was greatly reduced in PP (1.7 ± 0.5 Mg ha�1) compared to NF (7.5 ± 3.5 Mg ha�1). However, LL biomass
in pine plantations increased by 180%, such that similar amounts of total fallen necromass (CWD + LL)
were observed in NF (13.5 ± 1.1 Mg ha�1) and PP (14.1 ± 3 Mg ha�1). The CWD size class with the highest
biomass was CWD > 10 cm in NF (5.4 ± 3.7 Mg ha�1), and 2–5 cm in PP (1 ± 0.2 Mg ha�1). Coarse woody
debris in NF was principally composed of detritus in intermediate to advanced states of decomposition
(5.1 ± 3 Mg ha�1; 68% of total CWD), while in PP recently dead material accounted for the majority of
CWD (0.8 ± 0.5 Mg ha�1; 49% of total CWD). Necromass moisture content was similar in both forest
ecosystems, and increased as the level of decomposition increased. However, because CWD was more
abundant in NF, the water volume retained in NF was four times higher than in PP (6.38 ± 1.3 vs.
1.68 ± 0.5 m3 ha�1, respectively). The observed differences in necromass can be explained by the stand
characteristics of PP, which are monospecific young systems of short harvest cycles and low quality litter
where all aboveground biomass is removed during harvesting. Our findings suggest that NF replacement
by PP could have large effects on ecosystem function due to changes in the amount and composition of
necromass. Specifically, the predominance of fine detritus in PP likely lowers the residence time of carbon
and water storage in detritus, as well as ecosystem biodiversity, while also increasing the risk of natural
fires. Management strategies that would increase coarse necromass, such as not removing harvest
residues and extending tree harvest age, should be considered.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

An important feature of native forests is that they possess high
quantities of dead material in all stages of decay, as well as high
proportions of old, live trees with dead components (Harmon
et al., 1986). As this necromass decomposes relatively slowly, it
represents an important long-lived aboveground forest carbon
(C) pool (Liu et al., 2006) that plays an important role in biogeo-
chemical cycles (Krankina and Harmon, 1995; Zhou et al., 2014)
and links the above and belowground biota (Bardgett and
Wardle, 2010). Necromass is also a critical structural and func-
tional component of forest ecosystems (Franklin et al., 1987). It
provides habitat for a large variety of organisms (Sefidi and
Marvie Mohadjer, 2010) and it is a key component for both tree
regeneration and the maintenance of environmental heterogeneity
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and biological diversity (Harmon et al., 1986; Stevens, 1997).
Moreover, in tree plantations, accumulated aboveground debris is
an important source of nutrients and organic matter that has a
strong impact on nutrient cycling, especially in short-rotation
forest plantations (Tiarks et al., 1998). Previous studies have
suggested that necromass regulates hydrologic processes
(Lindenmayer and Noss, 2006) and influences the probability of
wildfires (Uhl and Kauffman, 1990). However, the effect of forest
management and the replacement of native forests with tree
plantations on necromass stocks, and the dynamics of these stocks
in forest ecosystems, is still poorly understood.

Aboveground necromass stocks consist of litter layer (LL) that
includes all necromass with a diameter less than 2 cm (forest floor,
fine debris or O horizon), and coarse woody debris (CWD), the fal-
len plant detritus larger than 2 cm (Palace et al., 2012; Binkley and
Fisher, 2013). In tropical and temperate forests, the dead organic
material typically comprises a substantial proportion of the total
aboveground C stocks, accounting for 14–40% of carbon storage
(USDA, 2004; Rice et al., 2004; Palace et al., 2007; Iwashita et al.,
2013).

Studies concerning the role of necromass, its characteristics,
quantity and quality have increased in recent years, in part because
climate change can alter ecosystem C balance through changes in
the dynamics of this pool (Chambers et al., 2000; Woodall and
Liknes, 2008; Weedon et al., 2009). In the Amazonian Forest, dry
periods have reportedly increased the tree mortality rate (Phillips
et al., 2009) producing a pulse of CWD into the necromass pool that
raises the carbon storage in this stock (Rice et al., 2004). In tropical
montane wet forests, both the CWD decomposition rate and the
CWD production rate increase with the mean annual temperature,
though the increase in decomposition rate is faster, resulting in net
CO2 emissions from CWD to the atmosphere with warming
(Iwashita et al., 2013). Consequently, necromass stocks could
become a carbon source or a carbon sink depending on several
variables that change in space and time. Knowledge of these pat-
terns is needed to improve carbon storage and stability in ecosys-
tems (Chambers et al., 2000; Rice et al., 2004; Radtke et al., 2009).

Most of the studies on this subject have been performed in the
tropics (Melillo et al., 1993; Potter et al., 1993; Grace et al., 1995;
Malhi et al., 1998; Phillips et al., 1998; Martius et al., 2004), while
studies in the subtropical forests of Neotropical regions, many of
which have been subject to forest replacement in recent decades
(Eclesia et al., 2012), are lacking. The Atlantic Forest is one of the
most diverse forests of the world, but also among the most threat-
ened. Approximately 84–93% of its original area has been lost and
the remnants are highly fragmented (Ribeiro et al., 2009). In
Misiones Province, Argentina, only 40% of native forest cover
remains, and this fraction represents one of the larger portions of
continuous Atlantic Forest in the region (Ribeiro et al., 2009).
Forest fragmentation and loss in this area have been caused by
the conversion of forest to crop and cattle fields and extensive
non-native tree plantations for fiber production (Eclesia, 2004;
Izquierdo et al., 2008; Ribeiro et al., 2009). Ecological modeling
has recently shown that changes in land use and forest fragmenta-
tion have greatly decreased carbon storage in aboveground live
biomass (Pütz et al., 2014). However, little is known about the
effects of changes in land use on necromass stocks.

Tree plantations in tropical and subtropical ecosystems accu-
mulate a significant amount of C in their aboveground biomass
in a short period of time (Hoen and Solberg, 1994; Harmon and
Sexton, 1995). Thus, afforestations and the use of forestry products
for bioenergy have been proposed as a clean development
mechanism to reduce greenhouse gas emissions (UNFCCC, 1992).
However, more recent studies have found that afforestation
decreases soil organic carbon by �20% in plantations under
40 years old (Guo and Gifford, 2002; Eclesia et al., 2012). In South
America the total area planted with different species of the Pinus
genus exceeded 4,250,000 ha in 2009 (Simberloff et al., 2010). In
Argentina, the afforested area grew rapidly during the last
30 years, today accounting for 1,024,277 ha with many sites
already undergoing their second or third rotation after the native
forest replacement. Fast growing plantations in this country are
monospecific, and afforestation usually uses the non-native genus
Pinus. These plantations occupy 64% of the total afforested area in
the country. In Misiones Province (northeastern Argentina, Atlantic
Forest biome), Pinus plantations occupy 10% of the provincial area,
accounting for 306,592 ha (MAGyP, 2015). The most common spe-
cies is Pinus taeda. In this region, the pine plantations effect on car-
bon and nutrient cycling has been associated with the harvest
system. Soil loss and nutrient instability are moderate with the
conventional practice of harvesting only the trunk (the remains
of branches, leaves and fruits are left decomposing on the ground;
Martiarena, 2008), but they are increased substantially with the
system that harvests the whole tree (Goya et al., 2003). Despite
the importance of necromass for the nutrient cycling within these
productive systems (Tiarks et al., 1998), few studies have analyzed
this issue and none have focused on the Atlantic Forest (Ranius and
Kindvall, 2004; Radtke et al., 2009).

In this context, we developed the present study with the main
objective of quantifying the effects of native forest replacement
with non-native P. taeda plantations on necromass stocks. We for-
mulated the following questions: (1) Does the total necromass vol-
ume change when non-native tree plantations replace native
forest? and (2) Are the different necromass categories equally
affected in the pine plantation systems? We hypothesized that
necromass would be affected by native forest replacement with
P. taeda plantations. We expected to find that total necromass,
and in particular CWD, would decrease in commercial non-native
tree plantations when compared to native forests. To test this
hypothesis we quantified and characterized necromass stocks,
diameter size classes, decomposition levels and water content in
native forests and non-native P. taeda plantations in the
Semideciduous Atlantic Forest of North eastern Argentina.
2. Materials and methods

2.1. Study site

This study was carried out over a one-year period (2013–2014),
in a private, protected forest area, adjacent to the Iguazú National
Park, Misiones province, Argentina (25�48056.2500S, 54�32017.2800W,
Fig. 1). The region has a subtropical humid climate with no dry sea-
son. The mean annual rainfall is 2000 mm and the mean annual
temperature is 20 �C; the relief is rolling and soils are mostly
ultisols derived from basaltic rocks and contain high concentra-
tions of Fe, Al and Si (Ligier et al., 1990). During the sampling per-
iod the mean monthly precipitation was 182 mm and ranged from
74 mm to 514 mm (annual total: 2187 mm; TRMM, 2014) and the
mean annual temperature was 21 �C with a minimum of 15 �C
(winter) and a maximum of 25 �C (summer) (MODIS, 2014).

The Semideciduous Atlantic Forest in Misiones constitutes the
southern portion of the Atlantic Forest, which extends along the
coast of Brazil up to Paraguay and Argentina, but it is also included
within a broad group of neotropical seasonally dry forests (Prado
and Gibbs, 1993). The tree structure is uneven-aged and includes
more than 70 tree species (Chediack, 2008) usually covered with
lianas and epiphytes, mixed with shrubs, bamboos and grasses
(Parodi, 1964). At the study sites, tree density is 1200 ind/ha, the
basal area of trees larger than 10 cm DBH (diameter at breast
height) is 28.74 m2 ha�1 and the tree canopy height is about
30 m (Chediack, 2008). The canopy vegetation is dominated by



Fig. 1. Study area in Northern Misiones Province (Argentina). Experimental plots in pine plantations and native forest are shown.
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trees species such as Nectandra megapotamica (Spreng.) Mez
(Lauraceae), Cedrela fissilis Vell. (Meliaceae), Balfourodendron
riedelianum (Engl.) Engl. (Rutaceae), Chrysophyllum gonocarpum
(Mart. & Eichler) Engl. (Sapotaceae), Cordia trichotoma (Vell.) Arráb.
Ex Steud. (Boraginaceae), Cordia americana L. (Boraginaceae),
Bastardiopsis densiflora (Hook. and Arn.) Hassler (Malvaceae), and
Lonchocarpus leucanthus Burkart (Fabaceae). The most common
subdominant tree species are Sorocea bonplandii (Baill.) W.C.
Burger, Lanj. & Wess. Boer (Moraceae), Trichilia catigua Adr. Juss.
and Trichilia elegans A. Juss. (Srur et al., 2009). Two palm species,
Euterpe edulis Mart. (Arecaceae) and Syagrus romanzoffiana (Cham.)
Glassman are also frequent in this forest (Gatti et al., 2008). In sites
with an open canopy the understory is dominated by bamboo
species, mainly of the genus Chusquea (Montti et al., 2011).

The non-native P. taeda plantations in the study area are
intended to be used for the cellulose-paper industry. This is an
intensive forest plantation ecosystem with no pruning or thinning
and a harvest age of 9–14 years. Trees at the studied plots were
9 years old at the beginning of the study and were harvested by
the company at the end of the study, when they were 10 years
old. The average canopy height was 15 m and there were
1703 ind/ha, with a basal area of approximately 50 m2/ha. The
understory was mainly composed of ferns and tree seedlings.

2.2. Experimental design and field sampling methods

We performed field inventories in adjacent stands of native for-
est and non-native tree plantations (located at 290–350 m.a.s.l.,
Fig. 1). We established 10 plots of 100 � 40 m: five plots in five
independent P. taeda plantations (PP), and five adjacent plots in
continuous native forest (NF). Every plot in NF was located
700 m from the PP plot and was separated from the next site by
at least 1 km. Within each plot we quantified the aboveground fal-
len necromass twice a year, once at winter (June–August 2013) and
once in summer (December 2013–March 2014).

Types of debris were examined and classified according to the
criteria outlined by Keller et al. (2004), Phillips and Baker (2002)
and Palace et al. (2012). Litter layer (LL) was comprised of leaf lit-
ter, flowers, fruits and fine woody fractions with diameters smaller
than 2 cm. Coarse woody debris (CWD) comprised all branches and
fallen logs with diameters bigger than 2 cm. This material was clas-
sified according to the diameter size into: (1) large: >10 cm; (2)
medium: 5–10 cm and (3) small: 2–5 cm. Standing dead trees were
not measured and their biomass was not considered in the necro-
mass quantification.

The LL was quantified by placing a 0.25 m2 wire square in three
points per plot separated by 50 m; all dead fine material within
this area was collected and brought to the laboratory. All the mate-
rial was dried at 65 �C to constant mass and weighed. Coarse
woody debris was sampled inside each plot in three random
selected parallel transects of 1 � 10 m, separated at least by
50 m, during winter and summer. The sites already sampled during
winter were not included in summer sampling. All the pieces with
diameter >2 cm within the transects were sampled and classified
according the size classes listed above, and into five decomposition
levels. The levels 1–5, sorted from most recently fallen to most
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decomposed necromass, were defined according to the following
criteria: Level 1: newly fallen material with solid and firm wood,
intact bark and some leaves and/or fine twigs still attached; Level
2: still solid and firm wood and intact bark but no fine twigs or
leaves attached; Level 3: still firm wood but rotten or sloughing
bark; Level 4: rotten debris and soft wood, without most of the
bark; Level 5: very rotten material and very soft wood (Keller
et al., 2004; Phillips and Baker, 2002; Palace et al., 2012). There
were thus 15 potential categories which were weighed separately
(3 diameter size classes � 5 decomposition levels). Each category
was weighed in situ and a subsample of at least 10% of the material
was carried to the laboratory, dried at 65 �C to constant mass, and
weighed. The relation between dry and humid mass in samples
was used to estimate total necromass in the field. In case of large
fallen trees, length and diameter of the stems within the transect
were measured and transversal sections of about 10 cm thickness
were collected and analyzed in the laboratory. We calculated the
fresh volume of every cross-sectional disk and, subsequently, dried
them in order to estimate the dry weight of every fallen tree sam-
pled in the field.

In order to estimate the necromass dry weight per area
(Mg ha�1) we obtained the total weight of the debris in each tran-
sect by plot and extrapolated it to hectares.

We also estimated the mass moisture content (%) in CWD and
the water volume (m3 ha�1) in the field contained in CWD as
following:

Mass moisture content ðMC; %Þ
¼ ðWW� DMÞ � 100Þ=DM ð1:1Þ

Water volume ðWV; m3 ha�1Þ ¼ ðWW� DMÞ=ha ð1:2Þ
where WW is wet weight and DM is dry mass.

For MC and WV estimation, only data from the winter sampling
period were considered. Precipitation was abundant during the
summer, making the data invalid for the calculation of this
variable.

2.3. Statistical analyses

To evaluate the effects of native forest replacement by
non-native pine plantations on necromass, three variables were
analyzed: dry mass (Mg ha�1), water volume (m3 ha�1) and mass
moisture content (%). The factors analyzed were the type of
ecosystem (NF and PP), type of debris (CWD, LL), diameter size
(<2 cm; 2–5 cm; 5–10 cm; >10 cm) and decomposition level (1, 2,
3, 4, 5). To test the differences between groups we performed non-
parametric Kruskal–Wallis tests (analysis of variance by rank, one
and two ways), because the variances were not equally distributed
(Zar, 1999). Post-hoc comparisons between the mean ranks were
performed.

3. Results

3.1. Total necromass

We obtained a total necromass (TN = CWD + LL) of 14.1 ± 3.0
(mean ± SE) and 13.5 ± 1.1 Mg ha�1 in the Native Forest (NF) and
non native Pine Plantations (PP) respectively (Fig. 2a). Contrary to
what we expected, no differences in total necromass were
observed between NF and PP ecosystems (Kruskal–Wallis (KW)-
one way, H = 0.88, N = 5, p = 0.421). However, necromass composi-
tion varied widely between NF and PP (KW-two ways, H = 13.93,
N = 5, p = 0.003; Fig. 2b). In the NF, litter layer (LL) and coarse
woody debris (CWD) were equally represented, 47% and 53%,
respectively (KW-one way, H = 1.84, N = 5, p = 0.222). In contrast,
in PP, the total necromass was primarily determined by LL, which
accounted for 88% of the total, whereas CWD represented the
remaining 12% (KW-one way, H = 6.82, N = 5, p = 0.008; Fig. 2b).

3.2. Coarse woody debris

3.2.1. Size categories
The CWD was composed of necromass of various sizes in both

ecosystems, and the quantity of necromass distributed across the
different size categories was different in the PP and the NF (KW-
two ways, H = 14.04, N = 5, p = 0.015; Fig. 3a). The input of
CWD > 10 cm was the most represented in NF, accounting for
72% of the total CWD (5.4 ± 3.7 Mg ha�1). Conversely, in the PP
ecosystem, the diameter class with the greatest accumulation
was 2–5 cm, which accounted for 57% (1.0 ± 0.2 Mg ha�1) and the
category > 10 cm represented 36% of the total CWD (Fig. 3a).

3.2.2. Decomposition levels
The quantity of coarse necromass in different levels of decom-

position also changed depending on the ecosystem (KW-two ways,
H = 32.47, N = 5, p < 0.001; Fig. 3b). In NF the most represented
decomposition level was level 3 (intermediate stay of decay), com-
prising 68% of the total CWD necromass (5.1 ± 3 Mg ha�1), followed
by levels 4 and 5 (more decomposed necromass). These three
levels constituted nearly all of the CWD necromass (94%) in forests.
In contrast, in PP ecosystems the most represented level was level
1 (recently dead material) making up 49% of CWD necromass
(0.8 ± 0.5 Mg ha�1), followed by level 3, which accounted for 27%
(0.5 Mg ha�1) (Fig. 3b).

3.2.3. Moisture content and water volume retained
The moisture content of CWD was similar in both ecosystems

(KW-one way, H = 1.84, df = 1, N = 5, p = 0.222). The NF had an
average water content of 137 ± 9% and PP 101 ± 25%. However, as
CWD was much more abundant in NF, the water volume per area
retained in coarse necromass was higher in NF than in PP ecosys-
tems, accounting for 6.38 and 1.68 m3/ha respectively (KW-one
way, H = 6.82, N = 5, p = 0.008) (Table 1). The moisture content in
coarse necromass increased as the decomposition level increased
in both ecosystems, and similar values were obtained for NF and
PP within each level (KW-two way, H = 34.28, N = 5, p < 0.001;
Fig. 4). In NF, a 95% of the total water volume was retained in
CWD decomposition levels 3, 4 and 5 (which together represented
90% of CWD total dry mass). In PP ecosystems, the percentage of
water volume contained in these decomposition levels was 69%
and these necromass categories represented only 34% of CWD total
dry mass (Table 1).
4. Discussion

Necromass is a key component of the carbon cycle and ecosys-
tem functioning (Krankina and Harmon, 1995; Zhou et al., 2014).
We found that NF replacement by PP strongly affect this carbon
pool. As expected, the conversion of the Atlantic Forest to non-
native P. taeda plantations was associated with an 80% decrease
in CWD. Furthermore, a large increase in litter layer stock was
observed in PP, which was nearly double that of the NF. The dis-
tinctly unexpected net result was that the total fallen necromass
pool (CWD + LL) did not change between NF and PP ecosystems.

The replacement of CWD by LL in PP could have an important
impact on ecosystem function and on carbon stability and storage
(Chambers et al., 2000; Martius et al., 2004; Woodall and Liknes,
2008; Iwashita et al., 2013; Zhou et al., 2014). Coarse woody debris
is a long-lived forest carbon pool, while the litter layer is compar-
atively short-lived (Woodall and Liknes, 2008; Palace et al., 2008).



Fig. 3. Coarse woody debris dry mass in NF and PP ecosystems in the Atlantic Forest ecosystem of Northern Argentina with respect to (a) diameter size classes and (b)
decomposition levels. The inset figures provide an enlarged version of the PP distribution for a better visualization of changes between categories. Different letters indicate
significant differences between CWD and ecosystems.

Fig. 2. Necromass dry mass and composition in NF and PP systems in the Atlantic Forest ecosystem of Northern Argentina. (a) Total necromass dry weight and, (b) necromass
composition in terms of CWD and LL. Different letters indicate significant differences between types of debris within ecosystems.

Fig. 4. Mass moisture content in CWD in NF and PP ecosystems for different
decomposition levels (1–5). Different letters indicate significant differences
between ecosystems and levels.

Table 1
Dry mass and water volume (mean ± standard error) of CWD with different
decomposition levels in NF and PP. Different letters indicate significant differences
between sites and levels (p < 0.05). KW-two way tests are detailed below. Data
correspond to winter necromass measurements (see material and methods for further
information).

Variable Dry mass ± SE (Mg ha�1) Water volume ± SE (m3 ha�1)

Site NF PP NF PP

X total 4.69 ± 0.84 2.15 ± 0.96 6.38 ± 1.26 1.68 ± 0.54

Decomposition levels
1 0.33 ± 0.15ab 1.36 ± 1.09ab 0.19 ± 0.16a 0.43 ± 0.32a

2 0.11 ± 0.07a 0.06 ± 0.04a 0.09 ± 0.07a 0.07 ± 0.06a

3 2.95 ± 0.77c 0.41 ± 0.14ab 2.88 ± 1.21d 0.39 ± 0.16abc

4 0.61 ± 0.03bc 0.17 ± 0.08a 1.39 ± 0.38bcd 0.37 ± 0.28ab

5 0.68 ± 0.20bc 0.15 ± 0.03a 1.83 ± 0.51cd 0.41 ± 0.14abcd

KW-two way
test

H = 28.2, N = 5, p < 0.001 H = 29.60, N = 5, p < 0.001
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As a consequence, the increase of the litter layer from 50% of the
total necromass in NF to almost 90% in PP decreases the average
residence time of the carbon in the necromass pool in PP ecosys-
tems. Not only the carbon quantity, but also the average time that
a carbon atom spends in dry matter before returning to the atmo-
sphere determines the magnitude of any carbon sink (Galbraith
et al., 2013).

The characteristics of PP used for fiber production could explain
the difference in fallen necromass between the two ecosystems
included in this study; PP were dominated by litter layer while
NF debris had similar contributions of both types of debris (LL
and CWD). These PP are even-aged and fast-growing ecosystems
that do not include pruning or thinning (the dead branches remain
on the trees). Moreover, they have a very early harvest age
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(10 years), and total residues are removed during harvest
(Martiarena et al., 2011). Consequently, the input of CWD to the
forest floor in PP appears to be low, and necromass does not accu-
mulate from one cycle to the next one.

The necromass values found in this study are within the
observed range for forest ecosystems (Woodall and Liknes,
2008). Nevertheless, detailed comparisons with previous studies
are difficult because similar studies are infrequent, use a wide
variety of methods and consider or classify the detritus pool differ-
ently. In the present study we followed the protocols established
by Keller et al. (2004), Phillips and Baker (2002) and Palace et al.
(2012), which do not consider standing dead trees in the above-
ground necromass. However, several previous reports have con-
sidered this pool in the necromass quantification (Yan et al.,
2007; Sefidi and Marvie Mohadjer, 2010; Iwashita et al., 2013).
Consequently, we found lower necromass values than these stud-
ies. On the other hand, litter layer with a diameter under 2 cm, as
described in this survey, has been quantified in only a few studies
(Martius et al., 2004; Woodall and Liknes, 2008; Zhou et al., 2014)
and the values found here are higher than those previously
described.

In forest ecosystems, the biomass in the litter layer stock is
determined by changes in litter production (input) and litter
decomposition (output) (Martius et al., 2004). In the PP, we
observed a 180% increase in litter layer (11.8 Mg ha�1) compared
with the NF (6.6 Mg ha�1). Preliminary data regarding litter pro-
duction in the study sites indicates that litter input into the litter
layer stock is similar in both ecosystems (Zaninovich S.C., unpub-
lished data). On the other hand, the litter layer in PP is mainly com-
posed of pine needles, which show a slow decomposition rate
(Sanchez, 2001) when compared with the highly biodiverse litter
(�70 tree species, Chediack, 2008) of NF. Consequently, the greater
litter layer necromass of PP is associated with low rates of litter
decay, which causes litter accumulation and generates a large
quantity of dry matter aboveground (Arnaldos et al., 2004).

The CWD found in the present study is consistent with previous
studies. The stock of fallen CWD > 2 cm varies widely between
tropical and subtropical forests, ranging from 1.0 to 178.8 Mg ha�1

(Yan et al., 2007; Palace et al., 2012). In our NF sites, CWD
(7.5 Mg ha�1) was less abundant than the CWD (>2.5 cm) in sub-
tropical late-successional forests in China (12.55 Mg ha�1 in Tang
et al., 2003; 84.45 Mg ha�1 in Liu et al., 1995). Transects much
longer than were used in the present work have been recom-
mended in order to capture the larger, but more infrequent diam-
eter classes of CWD (Woldendorp et al., 2004; Iwashita et al.,
2013). For this reason, our results may underestimate the biomass
in the higher CWD size classes; until more information is available,
comparisons of CWD > 10 cm should be made with caution. More
CWD was observed in PP in the present study (1.7 Mg ha�1) than
coarse necromass in coniferous early succession subtropical forests
in China (0.09 Mg ha�1 in Tang and Zhou, 2005). The quantity and
distribution within CWD size classes in our NF study sites were
similar to previous studies concerning low-disturbance late suc-
cessional forests (Sefidi and Marvie Mohadjer, 2010). On the other
hand, the distribution of CWD over decompositional levels that is
described in the present study, in which the great majority of
CWD is in levels 3, 4 and 5 (94%) in the NF ecosystem, is consistent
with other studies in temperate (Sefidi and Marvie Mohadjer,
2010) and subtropical forests (Yan et al., 2007). In the PP included
in this study, decomposition level 1 (49%) contained the largest
proportion of CWD, a finding that is corroborated in a previous
study of an early successional Pinus massoniana subtropical forest
in China (Yan et al., 2007).

Our results concerning the total water volume retained in
coarse necromass provide evidence of substantial water storage
in this pool in NF ecosystems. Other studies have suggested that
CWD provides a large and relatively stable source of moisture
when compared with litter layer or mineral soil (Fraver et al.,
2002; Harmon and Sexton, 1995). Coarse woody debris necromass
moisture content was not different between systems, though the
quantity of CWD dry mass per unit area was greater in NF than
in PP. Hence, the water volume retained in CWD was almost four
times higher in NF. Debris in an advanced state of composition held
more water than the less decayed debris, although no differences
between systems were detected in our study. The greater water-
holding capacity in more decomposed woody debris may be
related to decreased wood density (Yu et al., 2004). The necromass
moisture content values found in this study were lower than in
other studies (Harmon and Sexton, 1995; Takahashi et al., 2000;
Fraver et al., 2002) probably because measurements were taken
during a period of low rainfall during an unusually dry winter.
However, CWD water content fluctuates considerably over time
and with changes in temperature, rainfall, and season (Fraver
et al., 2002; Harmon and Sexton, 1995), so valid comparisons with
other studies developed under different conditions or times are
very difficult. Our results also support the idea that CWD not only
has an important role as a C pool, but also plays an important role
in the water absorption and storage in forests ecosystems (Harmon
et al., 1986).

The water-holding capacity in the ecosystem imparts a remark-
able resistance to drought and natural wildfires to closed-canopy
rainforests (Bush et al., 2011). Even after months without rain, for-
ests can maintain an evergreen canopy and high sub-canopy
humidity levels, making sustained combustion very unlikely (Uhl
and Kauffman, 1990). The CWD in NF systems that contained the
highest water volume were principally composed of the largest
coarse necromass, branches or stems of diameter >10, a finding
that has been corroborated in other forests (Iwashita et al., 2013;
Liu et al., 2006). This CWD size category was reduced in PP,
explaining the low water volume found in this system. In addition,
Pinus species belonging to the Pinus subgenus (including P. taeda)
present characteristics associated with increased flammability:
high retention of dead branches due to their non-self-pruning phe-
notype, thin terminal twigs, low needle density (which increases
fuel surface area and influences ignition temperature and com-
bustibility), and leaf litter consisting of resinous needles with a
high terpene concentration (Schwilk and Ackerly, 2001; Ormeño
et al., 2009). As a result, PP with high litter accumulation, low
CWD and low water volume aboveground represent a more vul-
nerable, fire-prone system (Mutch, 1970; Agee, 1998; Schwilk
and Ackerly, 2001) than NF. Wildfires are a significant direct and
indirect source of global carbon emissions (Crutzen and Andrade,
1990; van der Werf et al., 2003). Therefore, the biomass stock con-
tained in the total fallen necromass in PP under the current man-
agement in northern Argentina represents a more unstable pool
compared to NF, even though these plantations show overall
necromass values similar to those found in the NF ecosystems. This
suggests that this PP is not an effective carbon storage strategy, as
has been suggested for commercial tree plantations in general
(Radtke et al., 2009).

Our study shows that commercial PP in subtropical ecosystems
are an important issue that must be addressed with respect to
necromass characteristics and dynamics. Recent efforts have
addressed gap in our knowledge of how CWD contributes to forest
carbon cycles and regional or global carbon budgets (Brown, 2002;
Radtke et al., 2009). In Sweden, one of the most important mea-
sures adopted within the new, biodiversity-oriented forestry pro-
gram is to increase the quantity of CWD in commercially
managed forests. The strategies implemented include leaving
existing dead trees in place, decreasing the destruction of CWD
in the final cutting, and not removing naturally dying trees. All of
these measures have had a strong positive influence on the amount
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of CWD (Ranius and Kindvall, 2004). On the other hand, the
recovery of detritus after harvesting or natural disturbance can
be quite slow, requiring as much as ca. 1000 years in some forests
(Spies et al., 1988). Thus, understanding the role and natural
dynamics of detritus in commercial PP and both managed and
unmanaged forests is vital for the improvement of forest manage-
ment strategies (Fraver et al., 2002).

Finally, but no less critically, the reduction in the volume of
coarse necromass found in PP may have negative consequences
for biodiversity. Coarse woody debris was an important source of
habitat heterogeneity in NF (Fig. 3) and was nearly absent in PP.
In addition, the water storage and sponge-like structure of well-
decayed logs makes them an ideal habitat for moisture-sensitive
species, like some amphibians and other organisms that directly
depend on these structures for shelter (Petranka et al., 1994;
Fraver et al., 2002; Yan et al., 2007). In this way, NF replacement
and current management practices in commercial PP would likely
lead to a decrease in the biodiversity of forest ecosystems. Manage-
ment strategies that increase coarse necromass and biodiversity
conservation should be considered in these PP. These strategies
could include not removing harvest residues, to promote under-
story growth under non-native tree plantations (which could be
stimulated by thinning) and to extend the tree harvest age. These
practices would promote greater habitat heterogeneity, increasing
tree mortality and CWD input to the PP floor, and would allow ani-
mal colonization of non-native tree plantations (Zurita and Bellocq,
2012).
5. Conclusions

Our study shows important changes in necromass stocks asso-
ciated with changes in land use. Native forest replacement by
10 year-old non-native P. taeda plantations impacted fallen necro-
mass, changing the equal distribution of CWD and LL in NF to a LL
dominated (90%) plantation floor. Although the total amount of
necromass did not change between systems, the change in compo-
sition could have large effects on ecosystem functioning. These
effects are related to, but not limited to, a shorter residence time
of carbon in necromass, lower water storage in necromass, a higher
risk of fires, and a potential decrease in biodiversity following NF
replacement by young PP. Some management strategies in PP used
for fiber production should be implemented in order to increase
CWD in these productive systems, in which subsequent rotations
would depend on the nutrient reservoirs above and below the for-
est floor. More, studies on necromass dynamics and the effects of
different debris types on carbon and nutrient cycling, as well as
storage under different land uses, are necessary.
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