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Abstract Forest harvesting is one of the main

economic practices in South Patagonia. The impacts

produced by forest harvesting have been studied by

numerous investigations. And it is known that forest

harvesting affects the decomposition of soil organic

matter. However, there is no data about how the

harvesting by variable-retentions affect this decom-

position. Our objective was to determine how impact

variable-retention upon decomposition and nutrient

release in Nothofagus pumilio forest soils. We hypoth-

esized that variable-retention accelerate decomposi-

tion and nutrient release. We compared primary and

harvested forests with two types of retentions (aggre-

gated and dispersed) and two times [1 and 5 years after

harvesting (YAH)]. To measure litter decomposition,

we used bag technique for to determine organic matter

loss. We determined carbon; nitrogen; calcium;

potassium; magnesium and lignin concentrations in

decomposing material. We analysed the data using

linear mixed models ANOVA. Decomposition rates

were estimated as derivate of the linear mixed model

for the logarithm of the remaining leaf litter weight.

We found that dispersed retentions treatment had the

highest decomposition rates. Primary forest and

aggregated retentions had the smaller slopes of the

decomposition model. Dispersed and aggregated

retention 5 YAH retained more nitrogen compared to

primary forest. Dispersed retention 5 YAH had the

lowest C/N ratio. Primary forest had higher Lignin/N

ratio at 540 incubation days. Dispersed retention 5

YAH released more phosphorus compared to primary

forest. Dispersed and aggregated retention 1 YAH had

higher C/P ratio. Dispersed retention 5 YAH presented

the most mineralization of potassium in the initial time

of decomposition. We conclude that the harvesting by

variable-retentions had an immediate negative effect

on litter decomposition and the nutrients dynamics.

Keywords Forest harvesting � Variable-retention �
Nothofagus pumilio � Decomposition � Nutrients

Introduction

Forests in Tierra del Fuego (Argentina) have been

harvested since the beginning of the last century

(Alfonso 1942; Gea et al. 2004). This activity is one of

the main economic practices in South Patagonia. The

forestry companies of South Patagonia have modified

their harvesting systems to achieve forest certification
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[FSC-Forest Stewardship Council] (Martı́nez Pastur

et al. 2007). Currently, approximately 500 ha year-1

of forests in Tierra del Fuego are harvested for the

extraction of sawn wood. (Dirección de Bosques TDF

2016). The impacts produced by forest harvesting

have been studied by numerous investigations (De-

ferrari et al. 2001; Spagarino et al. 2001; Martı́nez

Pastur et al. 2002a, b), because the objective of forest

harvesting is to be sustainable (Franklin et al. 1997).

However, degradation of soils and their recovery over

time due to forest management have been little studied

in the world. Also, degradation of soils and their

recovery have not been considered for the definition of

forestry practices in the region.

In forests of temperate-cold climates litter decom-

position is particularly important in the functioning

and stability of those forests (Barrera et al. 2004). The

role of litter decomposition gains special relevance in

forests subject to harvesting (Caldentey et al. 2001).

Forest harvesting affects litter decomposition and

nutrients release. Generally, forest harvesting accel-

erates litter decomposition and promotes loss of

nutrients (Caldentey et al. 2001; Ibarra et al. 2011;

Bahamonde et al. 2012).

Temperate forests of Tierra del Fuego cover

712.000 ha, around 30% of them are considered

timberland (Collado 2001). In these forests, Nothofa-

gus pumilio is currently the only species of economic

interest (Martı́nez Pastur et al. 2000a) because it

possess a great forestry potential. Due to this, an

intense forest harvesting pressure is threatening the

sustainability of Nothofagus pumilio forest in Argen-

tinean Tierra del Fuego since last few decades (Peña-

Rodrı́guez et al. 2013). In the recent years, the

harvesting proposals for N. pumilio forests involves

complex silvicultural proposals, such as shelterwood

or variable-retention (Franklin et al. 1997; Martı́nez

Pastur et al. 2000a). Variable-retention is currently

applied in South Patagonia, Canada, and Australia

(Beese and Bryant 1999; Mitchell and Beese 2002;

Martı́nez Pastur and Lencinas 2005). Variable-reten-

tion involves two forms of retention of native forests:

aggregated retention and dispersed retention. Within

each 1 ha, aggregated retention (AR) keeps 20–30%

of the original forest as an island (30 m radius) and

harvests the remainder of the area, leaving it as

dispersed retention (DR) of 10–15% of trees as

remnant overstory (Martı́nez Pastur and Lencinas

2005). Thus, biophysical conditions within aggregated

retentions would be like the primary forest (PF)

(Martı́nez Pastur et al. 2011, 2013). Thereby, the

purpose of variable-retention harvesting is to maintain

the sustainability and biodiversity of the original forest

as islands (aggregated retentions) (Martı́nez Pastur

et al. 2007, 2009).

To make sustainable management decisions, for-

estry requires information before, during and after

harvesting. Forest regeneration depends on decompo-

sition and nutrients release for its growth (Yoshida

et al. 2005). Thereby, decomposition and nutrient

release is an important process that must be considered

when evaluating the changes produced by forest

harvesting (Johnson and Curtis 2001; Idol et al.

2003; Bahamonde et al. 2012). A few studies have

examined the influence of forest harvesting upon litter

decomposition and nutrient release in Nothofagus

forests (Caldentey et al. 2001; Ibarra et al. 2011).

However, there are no reports of litter decomposition

in Nothofagus pumilio forests under variable-retention

harvesting. Within this context, our objective was to

determine how variable-retention harvesting impacts

upon litter decomposition. To accomplish this, we

measured litter decomposition and nutrient release in

Nothofagus pumilio forests through 2 years of mea-

surements in harvested and primary forests at different

times of harvesting. We hypothesized that the dis-

persed retentions accelerate the litter decomposition

and nutrient release, and aggregates maintain similar

litter decomposition and nutrient release to the original

forest.

Materials and methods

Study site

This study was carried out in Tierra del Fuego,

Patagonia, Argentina. The climate is cold oceanic with

strong winds, mainly from the southwest. The mean

annual temperature is 5.5 �C (1.6 �C in the coldest and

9.6 �C in the warmest months) and frost may occur at

any time of the year. Precipitation is evenly spread

over the year, with an annual average of

400–600 mm year-1. Annual average wind speed

outside forests is 8 km h-1, reaching up to

100 km h-1 during storms (Tukhanen 1992; Branca-

leoni et al. 2003). Forests have soils characterized as

shallow, rich in organic matter, acidic pH (3.3–5.2
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water pH in organic and 3.2–4.0 in mineral horizons),

with a moderate cation exchange capacity, and low

saturation of basic cations (Nóvoa-Muñoz et al. 2007;

Peña-Rodrı́guez et al. 2013).

Data was obtained in the Cerros Ranch (54�180S,
67�490W), from pure old-growth N. pumilio forests.

The Cerros Ranch was the first place where variable-

retention RV (Fig. 1) was productively implemented

in Tierra del Fuego in 2004 (Vukasovic et al. 2004;

Martı́nez Pastur et al. 2007). For this reason, we chose

the oldest site of harvesting, 5 years after harvesting

(YAH) and the most recent site of harvesting, 1 YAH,

available at the beginning of the investigation (Octo-

ber 2009). Thus, we measure the oldest and most

recent changes on decomposition and nutrient release

produced by variable-retentions at the study site.

Description of experimental areas

Climatic variables of experimental areas (air temper-

ature, soil temperature at 30 cm depth, average

maximum wind speed at 2 m height and rainfall

reaching the forest floor) were measured by Martı́nez

Pastur et al. (2013) with three weather stations (Davis

Weather Wizard III and accessories, USA) for three

successive years. Climate was characterized by short,

cool summers and long, snowy, and frozen winters.

Temperatures below zero occurred all the year round,

and the growing season extended for approximately

5 months (November–March). Mean monthly air

temperatures were higher in PF than in AR and DR.

Soil temperature was always above zero in PF and AR,

but soil freezing was observed in DR during July.

Wind speed was higher in DR[AR[ PF. Rainfall

was homogeneously distributed throughout the year,

and was higher in DR[AR[ PF (Martı́nez Pastur

et al. 2013).

For the edaphic characterization of the experimen-

tal area, a description was made in two profiles in

undisturbed soils of the experimental area (PF-1 and

PF-2). Both soil profiles showed a similar sequence of

horizons, the soils had little to moderate degree of

evolution (45 cm). Soil classification was endoleptic

Cambisols (IUSS 2006). Horizon O was very well

represented in N. pumilio soils and showed a high

content of organic matter. Horizon A showed a

remarkable influence of organic matter contribution,

relatively humified, coming from the horizon O. In

transition horizon AB exhibited traits attributable to

the horizons A and the underlying B horizon, with

levels of organic matter lower than the A horizon and

structure like B horizon. The Bw horizon presented

unambiguous evidence of alteration processes result-

ing from prolonged weathering activity in the soil

starting material, giving rise to the neoformation of

clays or the differentiation of the structure with respect

to the C horizon. The presence of the 2C horizon in the

PF-2 profile indicated the existence of a discontinuity

marked by the existence at this depth of gravels of

different morphology to those existing in the overlying

levels. The texture of the soils was loamy clay in

horizons A and AB, and loam-clay-sandy in horizons

Bw of both profiles and in horizon C of soil PF-1. The

C horizon of the PF-2 profile presented loam-sandy

texture (Table 1).

In the experimental area, we obtained data on

altitude, slope, depth of the most superficial horizon

and, for the case of the areas with DR, the distance to

the aggregate (Table 2). According to the Los Cerros

Ranch management plan (Vukasovic et al. 2004),

experimental areas of this study with variable-reten-

tion 5 YAH (DR5 ? AR5) had an area of 12 ha,

experimental area with variable-retention 1 YAH

(DR1 ? AR1) had an area of 18 ha, and primary

Fig. 1 Variable-retention scheme with two types of retention

(aggregated and dispersed). Black circles represent individual

tree’s canopy. Greyish shaded circles represent aggregated

retention areas (AR) with 60 m diameter; within a matrix of

scattered trees left in the harvested area, i.e., dispersed retention

(DR)
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forest (PF) had an area of 15 ha. The distance between

the different treatments was approximately 2 km.

Experimental design

The field design consisted in comparing primary forest

(PF) and harvested forest with two types of retentions

(aggregated and dispersed). In addition, two different

times after harvest were selected: 1 and 5 years. As

result of type of forest harvesting and the time elapsed

since it took place, the following treatments were

defined: dispersed retention 1 YAH (DR1); aggregated

retention 1 YAH (AR1); dispersed retention 5 YAH

(DR5); aggregated retention 5 YAH (AR5). We

randomly placed 20 experimental plots

(0.5 9 0.5 cm) in each treatment (PF, DR1, AR1,

DR5 and AR5) (N = 100; n = 20 experimental plots/

treatment) to measure decomposition. Each experi-

mental plot was kept the same orientation, slope, and

distance from trees.

The forest structure was characterized in each

treatment with five random circular plots of 500 m2,

which were measured using a Criterion RD-1000

(K = 6 in aggregated retention and primary forest,

and k = 3 in dispersed retention) (Bitterlich 1984).

We measured tree dominant height (DH), site quality

classes (SQC), basal area (BA) (for equations and

methodologies see Martı́nez Pastur et al.

2000b, 2002a, b), diameter at 1.3 m height, and tree

Table 1 Edaphic characteristics of the soil profiles sampled in Los Cerros Ranch

Profile Coordinates Altitude (msnm) Horizon Depth (cm) % Sand % Slime % Clay

PF-1 S54�52020.600

W67�35000.100
183 O 0–3 – – –

A 3–6 29.6 42.5 27.9

Bw 6–29 52.0 14.0 34.0

C 29–45 52.7 24.4 22.9

PF-5 S54�23022.100

W67�52039.000
141 O 0–2 – – –

A 2–12 38.8 30.0 31.2

AB 12–18 43.2 26.1 30.7

Bw 18–30 60.0 12.6 27.4

2C 30–45 51.1 29.8 19.1

Table 2 Micro-topographic characteristics of the sampling area

Site Altitude (msnm) Slope (�) Surface horizon (cm) Sampled horizon Aggregate distance (m)

PF 138 5.0 7.4 O –

DR1 183 9.7 3.4 O 13.5

AR1 182 8.5 5.8 O –

DR5 120 9.9 8.4 O ? A 14.4

AR5 117 9.9 8.9 O ? A –

The data correspond to average values of each numerical variable (n = 10)

Table 3 Dendrometric characteristics of the Nothofagus

pumilio stands selected in the study (n = 10)

Site DH SQC BA BHD Density

(m) (1–5) (m2/ha) (cm) (tree/ha)

PF 21.5 3.2 66 54.3 414.9

DR1 21.9 3.1 21.4 59.4 119.7

AR1 21.9 3.1 66 53.4 549.4

DR5 23.7 2.4 16.2 61.4 77.7

AR5 24.4 2.2 54 56.6 314.2

PF primary forest, DR1 dispersed retention 1 YAH, AR1

aggregated retention 1 YAH, DR5 dispersed retention 5 YAH,

AR5 aggregated retention 5 YAH, DH dominant height, SQC

site class, BA basal areal, BHD diameter at 1.3 m
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density (BHD) (Table 3). Tree development phase

was estimated through the observation of these

morphological characteristics of the bark (Schmidt

and Urzúa 1982). All treatments presented trees in the

aging phase (A), the bark is cracked and forming

plates comprising an age range between 140 and

220 years.

Litter decomposition and nutrient release

During the autumn 2009 (March–April), recently

senescing leaves of N. pumilio were collected. This

study concentrated on the analysis of leaf litter,

because leaves are the main contributor to annual

litterfall in N. pumilio forests (50–90% of the annual

litterfall) (Moretto and Martı́nez Pastur 2014).

Leaves material were air-dried until constant

weight. Initial quality of leaves material sub-samples

was evaluated (Table 4). Also, sub-samples were

weighed and oven-dried at 60 �C for 48 h to calculate

the initial moisture content of the leaf material.

Decomposition was analysed using the nylon mesh

bag technique (Bocock et al. 1960). A total of 500

litter bags (5 treatments 9 5 collection dates 9 20

plots) with 3 g of air-dried leaves in each one

(15 9 15 cm with 2-mm mesh size) were placed on

the forest floor at each treatment. Litter bags were

fastened to the forest floor by metal pins to prevent

movement and to ensure good contact between the

litter bags and the organic layer. One litter bag per plot

at each plot was collected after 30, 90, 180, 360 and

540 incubation days.

In the laboratory, litter bags were cleaned to remove

any exogenous material and weighed after oven-

drying at 60 �C for 48 h. Inorganic contaminants were

quantified by the ashing of 0.5 g of leaf litter from

each bag (500 �C for 5 h) to correct the obtained

decomposition data (Harmon et al. 1999). Organic

matter loss was evaluated considering the remaining

weight against the initial weight (Suffling and Smith

1974).

Nutrient concentrations were measured in unde-

composed material (i.e. 0 days) and in material

extracted at each sampling date to estimate nutrient

release. Samples were grounded and carbon (C), total

nitrogen (N), phosphorus (P), calcium (Ca), potassium

(K), magnesium (Mg) and lignin concentrations were

determined. C content was estimated as half the

organic matter (Gallardo and Merino 1993). N was

measured following Kjeldahl’s standard acid diges-

tion. The remaining nutrients (Ca, P, K, Mg) were

measured using atomic emission spectrometer (ICP-

OES, Shimadzu 9000, Shimadzu Corp., Japan). Lignin

was determined with successive extractions with

detergents and acids (Van Soest 1963) at 0 and 540

incubation days. Nutrients release was estimated as the

remainder percentage of the original content. Further-

more, C/N; C/P; N/P; Lignin/N y Lignin/P ratios were

calculated.

Statistical analysis

Remaining leaf litter, decomposition rate, nutrients

release and ratios were analysed using linear mixed

models ANCOVA given its repeated measures nature

(Pinheiro and Bates 2000) because experimental unit

evaluated (plot) was the same throughout the study.

We constructed several models to represent the

decomposition of remaining leaf litter. The selected

model was built based on different adjustments. First,

the original data (remaining leaf litter weight dry) was

transformed using natural logarithm (LnWD) and

incubation time was centred to deal with correlations

between slopes and intercepts. Data was adjusted to a

linear mixed effects ANCOVA model, with Site and

YAH as factors and incubation time a covariate. We

choose the best model using AIC criterion and

inspection of residuals (Anderson 2008). This model

included, in addition to the terms mentioned before, a

quadratic term of the incubation time, to deal with

non-linearity; a power variance function with

Table 4 Initial quality lenga leaves used for decomposition

experiment

Variable (%) Average SE Min. Max.

N 0.48 0.01 0.42 0.56

Ca 1.13 0.04 0.73 1.74

K 0.37 0.01 0.29 0.49

P 0.24 0.01 0.18 0.31

Mg 0.32 0.01 0.25 0.41

C 46.47 0.01 46.27 46.73

The initial values represent the average values (N = 50).

Likewise, the minimum and maximum values of the sample

pool are shown

SE standard error
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incubation time as covariate to model the variance in

each Site 9 YAH combination to deal with the

heteroscedasticity (because variation increased with

incubation time); and a random effects term with

random intercept for each experimental plot.

Daily decomposition rates (DDR) were estimated

as derivate of the linear mixed model for the logarithm

of the remaining leaf litter weight. The following

equation was used:

DDR ¼ exp a þ t1 � b1 þ t2 � b2ð Þ
� b1 þ 2 � b2 � t1ð Þð Þ;

where a is the intercept, b1 and b2 are the linear and

quadratic slope respectively, t1 and t2 are the centred

(i.e., time - mean time) time and quadratic time,

respectively. The results are then expressed as

g g-1 day-1.

Decomposition studies mostly use the constant k

(k year-1) and data is analysed by classical ANOVA

ignoring the assumption of independence. For this

reason, in this study we chose to analyse the data with

mixed models and calculate the constants k to be

compared with other studies in the discussion. The

constant k of decomposition using the exponential

model proposed by Olson (1963). The time required

for 99% of the litter to decompose (t99, years) was

calculated from constant k.

In other to gain more insight from the data,

Spearman’s correlation analysis between decomposi-

tion rates and nutrients release was performed.

All statistical analyses were done with R (R

Development Core Team 2016).

Results

Dispersed retention accelerates litter

decomposition

We detected time 9 treatment interaction

(F20,422 = 5.4; p\ 0.00001) in the percentage of

remaining leaf litter mass. From 180 days onwards,

we detected that aggregated retention 1 YAH had

higher remaining leaf litter mass (F4,174 = 6.1;

p\ 0.00001) (Fig. 2). Aggregated retention 1 YAH

was significantly higher from variable-retention 5

YAH (aggregated and dispersed) and primary forest at

180 and 540 days, and from all the treatments at

360 days. The total percentage leaf litter loss declined

33–40% from the beginning of the experiment

(0 days) towards the end (540 days). We observed

significant differences between times from 30 days

onwards (0 = 30[ 90[ 180[ 360[ 540 days)

(F4,251 = 348; p\ 0.00001).

At the beginning of the experiment (day 30), the

modelled decomposition rates were greater in dis-

persed retention 5 YAH, and lower in aggregated

retention 1 year (Fig. 3). This tendency continued up

to 180 days. At 360 days, we observed two groups:

dispersed retentions with higher rates of decomposi-

tion, and primary forest and aggregated retentions with

lower rates of decomposition. Finally, at 540 days the

rate of decomposition was lowest in dispersed reten-

tions, especially in dispersed retention 5 YAH.

Meanwhile, primary forest and aggregated retentions

maintained similar rates. When assessing the slopes of

the model, we observed significant differences

between the treatments (b1: F4,440 = 14.4,

p\ 0.0001; b2: F4,440 = 2.6, p = 0.03) with a

smaller slope in primary forest and aggregated reten-

tions with regard dispersed retentions (Fig. 3).

Fig. 2 Remnant organic matter of N. pumilio leaves in

variable-retention up to 540 days. The remnant organic matter

of N. pumilio leaves was higher in aggregated retention 1 YAH.

Aggregated retention 1 YAH was significantly higher from

variable-retention 5 YAH (aggregated and dispersed) and

primary forest at 180 and 540 days, and from all the treatments

at 360 days. PF primary forest, AR1 aggregated retention after

1 year after harvesting, AR5 aggregated retention after 5 years

after, DR1 dispersed retention after 1 YAH of harvesting, DR5

dispersed retention after 5 YAH of harvesting
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The mean values of k at the first month of

decomposition ranged between 0.07 and 0.16 g g-1

year-1. At 3 and 6 months of decomposition k

increased between 0.54–0.65 and 0.38–0.68 g g-1

year-1 respectively. At longer decomposition times

(12 and 18 months), k showed a decrease in the mean

values for all sites (0.27–0.42 g g-1 year-1). The time

required for 99% organic matter to decompose varied

between 13 and 19 years (Table 5).

Variable-retention affected differentially

the dynamics of nutrients

We distinguished two groups of nutrients: those which

are readily mineralized over time, such as carbon,

potassium, magnesium, and phosphorus that quickly

decreased over the 30 days of decomposition; and

those that are immobilized or did not show a net

release over decomposition time, as in calcium and

nitrogen (Fig. 4).

We found a treatments x time interaction for

carbon, nitrogen, and phosphorus (C: F16,236 = 5.8,

p\ 0.0001; N: F16,235 = 1.8, p = 0.035; P:

F16,229 = 2.40 p = 0.002). Carbon, initial with an

initial concentration of 46.47%, was lost gradually

over the 540 days of decomposition. Starting at

180 days, we found significant differences between

treatments. Dispersed retention 5 YAH had the lowest

carbon content at 180 days (73.7% of initial C

content), aggregated retention 5 YAH at 360 days

(65.9%) and primary forest at 540 days (54.2%).

Nitrogen initial concentration was 0.48%, and its

dynamics were very variable. We found that nitrogen

was retained at all treatments (between 93 and

113.5%). We found significant differences at 90 and

540 days. At 90 days, dispersed and aggregated

retention 5 YAH retained more nitrogen compared to

primary forest. Towards the end of the experiment

(i.e., 540 days), there was a slight tendency to release

nitrogen in primary forest and aggregated retention

1 year, both treatments were significantly lower from

dispersed retention 5 YAH. Phosphorus, with an initial

concentration of 0.24%, was quickly released after

30 days of incubation, at the end of the experiment

only remained 18–22.6%. We found significant

differences between treatments at 30 and 90 days.

Dispersed and aggregated retention 5 YAH, and

dispersed retention 1 year released less phosphorus

was at 30 days. At 90 days, dispersed retention 5 YAH

released less phosphorus compared to primary forest.

Potassium, calcium, and magnesium, with initial

concentrations of 0.37, 1.13 and 0.32% respectively,

did not show a time x treatment interaction (K:

F12,182 = 1.1, p = 0.39; Ca: F16,229 = 0.7, p = 0.74;

Mg: F8,51 = 0.5, p = 0.82). Potassium and magne-

sium released 17.5–91; 32.5–93% respectively;

although potassium showed a slight increase at

540 days. Dispersed retention 5 YAH presented the

highest mineralization of potassium at day 90, when

the steepest release was observed.

Calcium showed a variable trend over the studied

time. Calcium was mostly retained in all treatments

(between 81 and 121%), and at 540 days there was a

slight tendency to be released in dispersed retention

1 year.

Mean initial values for the C/N, C/P and N/P ratios

were 96.3, 199 and 2.1 respectively (Fig. 5). C/N ratio

Fig. 3 Litter decomposition rate in variable-retention up to

540 days. Dispersed retention accelerates litter decomposition

rate. The first 180 days the modelled decomposition rates were

greater in dispersed retention 5 YAH and lower in aggregated

retention 1 YAH. At 540 days the rate of decomposition was

lowest in dispersed retentions, especially in dispersed retention

5 YAH. Primary forest and aggregated retentions had the

smaller slopes of the decomposition model (b1: F = 14.4;

p\ 0.0001; b2: F = 2.6 p = 0.03). PF primary forest, AR1

aggregated retention after 1 year after harvesting, AR5 aggre-

gated retention after 5 years after harvesting, DR1 dispersed

retention after 1 year after harvesting, DR5 dispersed retention

after 5 years of harvesting
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decreased over time and had an interaction between

treatment and time (F16,239 = 2.2, p = 0.005). Dis-

persed retention 5 YAH had the lowest C/N ratio in all

times except at 30 days, because at 30 days we did not

find significant differences among treatments. C/P and

N/P ratios changed significantly with time

(F4,237 = 93.1, p\ 0.00001; F4,237 = 87.2,

p\ 0.00001 respectively). We found an increase in

both ratios until 180 days and then a decrease until the

end of the experiment (540 days). Furthermore, C/P

ratio changed with treatment (F4,174 = 5.5,

p = 0.0003), it was lower in dispersed retention 5

YAH. Lignin/N and Lignin/P mean initial ratios were

35.2 and 70 respectively. Comparing initial against

final value (0 vs 540 days), we observed that Lignin/N

and Lignin/P ratios were significantly different from

the initial value in all treatments (F5,56 = 9.35,

p\ 0.00001), with exception of Lignin/N in primary

forest. When we compared the treatments at 540 days,

we only found significant differences in the Lignin/N

ratio (F5,57 = 13.7, p = 0.03) where aggregated

retention 5 YAH was lower than primary forest

(Fig. 6).

Yearly decomposition rate was correlated with all

nutrients except C, the correlation strength was

moderate at best (Table 6). It was positively correlated

to Ca, N, C/P, and N/P ratios. And negatively

correlated to K, P, Mg, and C/N ratio.

Discussion

Dispersed retention accelerates litter

decomposition

This study shows that dispersed retentions treatment

had the highest decomposition rates at the beginning

of the experiment (30 days). We think that the results

found in the present study are due to canopy opening

for harvesting, generated environmental conditions

that increased N. pumilio leaves decomposition. These

modifications in the environmental conditions pro-

motes decomposition in cold weather areas (Swift

et al. 1979; Yin et al. 1989). Although microclimatic

data are not presented in this study, in the same study

area Martı́nez Pastur et al. (2013) found that wind

speed and rainfall were higher in DR. Winds and

rainfall could cause losses of litter by leaching or

physical fragmentation (Brandt et al. 2007). In gen-

eral, wind speed (of significant importance in Patag-

onia) is reduced in Nothofagus stands with higher

crown cover levels (Bahamonde et al. 2009) and this

could have affected organic matter decomposition

found in this work and by Bahamonde et al. (2012). In

concert with our results, Caldentey et al. (2001)

reported higher values of leaf litter decomposition

(53% in 360 days) in a N. pumilio forest harvested

with shelterwood cuts (50% crown cover) compared to

unmanaged forests (80–90% crown cover) in southern

Chile. Similarly, Moretto et al. (2004) reported an

increased decomposition of leaf litter in N. pumilio

forests under silvicultural management compared with

unmanaged forests in Tierra del Fuego (Argentina).

The lowest decomposition rates at the end of the

study (540 days) in dispersed retentions possibly have

Table 5 Average values of the decomposition constant k (g g-1 year-1) over 540 days

Site k t99 (years)

30 days 90 days 180 days 360 days 18 days

PF 0.08 0.65 0.53 0.39 0.37 13.64

AR1 0.15 0.54 0.38 0.28 0.27 18.66

AR5 0.07 0.63 0.61 0.42 0.35 14.47

DR1 0.15 0.58 0.49 0.39 0.34 14.49

DR5 0.16 0.65 0.68 0.44 0.36 13.97

PF primary forest, DR1 dispersed retention 1 YAH, AR1 aggregated retention 1 YAH, DR5 dispersed retention 5 YAH, AR5

aggregated retention 5 YAH, t99 time necessary for 99% of the leaf litter to decompose
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different explanations according to the time of

harvesting. In the case of dispersed retention 1 YAH,

we think that high decomposition was associated to

edaphic and microclimatic factors. On edaphic factors,

dispersed retention 1-YAH soil had lower pH than the

other sites (Oro Castro 2014). Low pH can favour

Fig. 4 Remaining nutrient concentration in variable-retention

up to 540 days. Variable-retention affected differentially the

dynamics of nutrients. a Carbon was lost gradually over the

540 days of decomposition. Dispersed retention 5 YAH had the

lowest carbon content at 180 days. b Nitrogen dynamics were

very variable. N was retained at all treatments. Dispersed and

aggregated retention 5 YAH retained more nitrogen compared

to primary forest (F = 1.8, p = 0.035). At 540 days, there was a

slight tendency to release nitrogen in primary forest and

aggregated retention 1 YAH. c Phosphorus was quickly released
after 30 days of incubation. At 90 days, dispersed retention 5

YAH released less phosphorus compared to primary forest

(F = 2.40, p = 0.002). d Calcium was mostly retained in all

treatments. Calcium showed a variable trend over the studied

time. At 540 days there was a slight tendency to be released in

dispersed retention 1 YAH. e Potassium was quickly released.

Dispersed retention 5 YAH presented the most mineralization of

potassium at the 90 days, time which had steepest release.

f Magnesium was quickly released. There were no significant

differences between treatments. PF primary forest, AR1

aggregated retention after 1 year of harvesting, AR5 aggregated

retention after 5 years after harvesting, DR1 dispersed retention

after 1 year of harvesting, DR5 dispersed retention after 5 years

of harvesting
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decomposition, both directly, changing changes in the

community composition of the organisms involved in

breaking down organic matter, and indirectly, chang-

ing the solubility and availability of each nutrient

(Berg and McClaugherty 2008). On microclimatic

factors, the canopy opening allows more solar

radiation to reach the soil in dispersed retention

harvesting (Martı́nez Pastur et al. 2013). Thus, incre-

ments in soil temperature cause increases in

Fig. 5 Variation of C/N; C/P and NP ratio in variable-retention

at 540 days. a C/N ratio decreased over time and had an

interaction between treatment and time (F = 2.2, p = 0.005).

Dispersed retention 5 YAH had the lowest C/N ratio in all times

except at 30 days. b C/P and c N/P ratios changed significantly

with time (F = 93.1, p\ 0.00001; F = 87.2, p\ 0.00001

respectively). We found an increment in both ratios until

180 days and then decreased until the end of the experiment

(540 days). Furthermore, C/P ratio changed with treatment

(F = 5.5, p = 0.0003), it was lesser in dispersed retention 5

YAH. PF primary forest, AR1 aggregated retention after 1 year

of harvesting, AR5 aggregated retention after 5 years after

harvesting, DR1 dispersed retention after 1 year after harvest-

ing, DR5 dispersed retention after 5 years of harvesting.

Vertical bars represent a confidence interval

Fig. 6 a Lignin/N and b Lignin/P ratios comparing the initial

with the end value (0 vs 540 days). Lignin/N and Lignin/P ratios

were significantly different from the initial value in all

treatments (F = 9.35; p\ 0.00001), with exception of Lignin/

N in primary forest. At 540 days, primary forest had higher

Lignin/N ratio (F = 13.7; p = 0.03). Initial initial ratios, PF

primary forest, AR1 aggregated retention after 1 year of

harvesting, AR5 aggregated retention after 5 years after

harvesting, DR1 dispersed retention after 1 year after harvest-

ing, DR5 dispersed retention after 5 years after harvesting.

Vertical bars represent a confidence interval. Asterisk indicate

significant differences at time 0 (*p\ 0.05, **p\ 0.01

***p\ 0.001)

Table 6 Spearman correlation among yearly decomposition

rate and nutrients or nutrients ratio

Nutrient Correlation Spearman rho p value

C 0.02 12,850,555 0.7325

C/N - 0.29 16,754,424 0.0000

C/P 0.51 6,304,127 0.0000

Ca 0.24 9,733,698 0.0000

K - 0.54 19,857,280 0.0000

Mg - 0.55 3,267,438 0.0000

N 0.31 8,980,317 0.0000

N/P 0.45 7,054,008 0.0000

P - 0.50 19,331,572 0.0000
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decomposition rate (Bahamonde et al. 2012). In

dispersed retention 5 YAH, we believe that the rapid

initial loss was related to the understory. This treat-

ment had significantly higher understory cover

([ 60%) compared with the other treatments (Martı́-

nez Pastur et al. 2002a, b; Oro Castro 2014). An

increase in understory cover can change plant-soil

relationships and interfere with nutrient cycling (Vi-

vanco and Austin 2008). Differences in nutrient

concentrations in plant tissues, size of the plant and

N, litter decomposition rates, and litter N dynamics

can explain, in part, the changes in the soil (Ehrenfeld

et al. 2001).

We expected that primary forest and aggregated

retentions have the lowest slopes of decomposition

rates compared to dispersed retentions. In this way, we

think that aggregated retentions could be retaining

some original forest’s characteristics (Sullivan et al.

2001). Some studies claim that microclimatic condi-

tions and forest regeneration inside the aggregated

were like the original forest (Martı́nez Pastur et al.

2011, 2013). However, the microclimatic conditions

in aggregate retention sites area not equivalent to the

conditions inside the large areas of continuous canopy

(Franklin et al. 1997). The decomposition rates

decrease was more gradual in primary forest and

aggregated retentions perhaps because litter, particu-

larly leaves and branches, usually dominates the

coverage in these treatments (Oro Castro 2014).

Hence, this coverage can generate stable conditions

for microorganisms responsible for decomposition,

such as constant humidity levels (Ritter et al. 2005).

We found that the constant k presented values that

fluctuated between 0.2 and 0.6 years-1 in PF after

12 months. Other studies found constants k between

0.4 and 0.8 (Godeas et al. 1985; Richter and Frangi

1992; Ibarra et al. 2011). These results concur with the

k values of other temperate deciduous forests

(0.25–0.7 years-1) (Frangi et al. 2005). The lower

rates found in this study could be due to the climatic

conditions of the geographical location, mainly due to

the low temperatures that determine that many of the

ecosystem processes are slower (Vitousek et al. 1994;

Hobbie 1996). Likewise, there could be differences in

the initial material that could determine a differential

decomposition in time, not only considering the

chemical characteristics of the litter (Vivanco and

Austin 2008), but also the characteristics of initial

decomposability.

Variable-retention affected differentially

the dynamics of nutrients

Nitrogen from N. pumilio leaves was mainly immo-

bilized in all treatments including primary forest along

the entire study.We suggest that the immobilization of

N was caused by low soil temperatures during winter

that, in general, would slow microbial activities

resulting in lower mineralization or immobilization

(Swift et al. 1979). However, the primary forest and

aggregated retention 1 YAH began to mineralize N at

the end of the study (540 days). Differences in N

mineralization can be attributed to litter quality of

material (i.e., initial N concentration) or environmen-

tal factors (temperature, humidity, precipitations)

(Prescott 2005) and other factors like understory

coverage. Thereby, we think that in dispersed reten-

tion 5 YAH and aggregated retention 5 YAH high

understory cover ([ 60%) played a key role in the N

mineralization (Oro Castro 2014). Understory plants

could be absorbing N not allowing us to record the

mineralized N. Dispersed retention 5 YAH had the

smallest C/N ratio at all times (except at 30 days) and

C/N ratio was negatively correlated with decomposi-

tion rate (Table 6). This smallest ratio is related to

higher rates of decomposition that we found in this site

because low C/N ratio promotes micro-organisms

activity (Bahamonde et al. 2012). Low C/N ratio was

also noticed in other species of Nothofagus in Patag-

onia, where decomposition was related to C quality

more than N concentration (Vivanco and Austin

2008). Lignin/N ratio also showed that the primary

forest better preserved N than the sites with variable-

retention (Fig. 6).We think that the abundance of litter

in the primary forest (Oro Castro 2014) can explain

why primary forest better preserved N because litter

can have secondary recalcitrant metabolites (Gilliam

et al. 2001; Ritter et al. 2005).

In the present study we found low N/P ratios. Litter

N/P ratios may indicate which of the two elements is

more limiting, and the question arises whether a

certain ‘critical N/P ratio’ discriminates between N-

and P-limited decomposition, similar to the ‘critical

N/P ratios’ for biomass production (Koerselman and

Meuleman 1996). Several ‘critical N/P ratios for

decomposition’ have been suggested in different

studies. However, in this study we found values below

those studies. Berg and Laskowski (1997) reported

that initial low N/P ratio of litter facilitate the release

Agroforest Syst (2019) 93:885–899 895

123



of P. Furthermore, Aerts and Caluwe (1997) found that

decomposition during the first 3 months was strongly

related to P concentrations, whereas decomposition

after 1 year was related more to concentrations of

lignin and phenolics. The initial decomposition times

(30 and 90 days) were the most sensitive to changes in

the dynamics of phosphorus by variable-retentions. At

90 days, more mineralization of P in dispersed

retention 5 YAH compared with primary forest is

suggesting a more rapid loss of P. Additionally, higher

C/P ratio in dispersed and aggregated retention 1 year

indicated a loss of P in these treatments. Thereby, we

observe that there was an alteration of the P cycle on

soil studied (Fig. 5).

Phosphorous was mineralized mainly in the first

90 days in all treatments. The rapid initial losses of P

probably reflect the tendency of extra organic P to be

stored as inorganic P, which is rapidly leached from

the litter early in the decomposition process (Prescott

2005).

In this work, potassium was mineralized in all

evaluated situations. This is consistent with other

authors who reported for different types of material

and environmental conditions a potassium release

from litter (i.e., Barrera et al. 2004; Osono and Takeda

2004). Dispersed retention 5 YAH presented the

highest value of remaining K at day 90, we believe

that this was due to the high cover of Poa pratensis this

site (Oro Castro 2014). Also, potassium showed a

slight increase at 540 days in all sites. K dynamics in

freshly fallen litter depends to a considerable extent on

the initial concentration of this element (Laskowski

et al. 1995a, b). Although K is a mobile element and is

usually leached quickly from decomposing litter at

high initial concentrations, at low concentrations, such

as those found in this study, its concentration may

begin increasing as soon as the litter starts to decay.

The fact that we didn’t found significant differences

between treatments in calcium may be because the

cycling of these nutrients is relatively slow within an

ecosystem, and recycling within the tree is almost non-

existent. Furthermore, approximately 50% of calcium

plant is as calcium pectate in the cell wall, a compound

with very slow decomposition (Fisher and Binkley

2000). We found calcium retained in all sites in this

study, which agrees with Osono and Takeda (2004)

who reported a response in two phases with increasing

calcium concentration (immobilization) up to the first

21 months, and then a decay in calcium concentration

(mineralization) 3 years later. Neither we found

significant differences between treatments in magne-

sium. However, magnesium showed high loss

(60–70% after 1 year of decomposition). We specu-

late that its cycling may have been even faster but the

lack of data between day 30 and day 360 does not

allow for a more complete analysis.

Conclusions

Our results suggest an immediate negative effect of

variable-retention on litter decomposition and the

nutrients dynamics. We observed that variable-reten-

tion had immediate and short-term effects on initial

decomposition rates. Specifically, dispersed retention

showed the highest decomposition rates at the begin-

ning of the experiment (30 days). Furthermore, the

aggregated retention showed similar decomposition

rates to the primary forests, and both declined

gradually in contrast to dispersed retention. Also, we

found that dispersed retention had changed nutrients

release, mainly in the initial stages of decomposition.

We believe that these changes in nutrient dynamics

during the initial stages of decomposition might have a

negative effect for the establishment of forest regen-

eration and affect the future wood yield.

To our best knowledge, this is the first study about

litter decomposition under variable-retentions systems

in Patagonia. Thereby, we recommend that degrada-

tion of soils and their recovery are considered for the

definition of forestry practices in the region. We

suggest that decomposition and release nutrient should

be evaluated before, during and after variable-reten-

tions systems (and other forestry practices in the

region) because the negative impacts of this harvesting

on decomposition and release nutrient could be

mitigated and/or remedied earlier taking measures to

protect soil.
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inventario forestal de la provincia. Multequina 10:1–15

Deferrari G, Camilion C, Martı́nez Pastur G, Peri P (2001)

Changes in Nothofagus pumilio forest biodiversity during

the forest management cycle: 2 birds. Biodiv Conserv

10:2093–2108

Dirección de Bosques TDF (2016) Informe de estadı́sticas de

aprovechamiento forestal correspondiente al perı́odo

2015–2016 and análisis comparativo de estadı́sticas

históricas
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