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Abstract We investigated the inter-annual and seasonal var-
iation of the aboveground net primary productivity (ANPP),
and leaf nitrogen and phosphorus concentrations across two
different types of wet meadows (spring-fed and riparian) in
Tierra del Fuego Island, Southern Patagonia. In addition, we
estimated grazing effects on ANPP, the nature of nutrient lim-
itation, and the resorption efficiencies for both nutrients.
ANPP showed a high inter-annual variation (CV = 49—
57%), typical seasonal dynamics with a summer peak, and
higher annual means at the spring-fed meadows
(532 g'm *-yr.”') compared to the riparian meadows
(310 g'm 2yr.") with a higher contribution of graminoids
(50—65%). Sheep grazing reduced a 66% the annual mean of
ANPP (108 g'm 2-yr. ") in riparian meadows. Leaf nitrogen
concentrations were similar to reported values for graminoids

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13157-017-0955-8) contains supplementary
material, which is available to authorized users.

>4 P. A. Cipriotti
cipriott @agro.uba.ar

Facultad de Agronomia, Departamento de Métodos Cuantitativos y
Sistemas de Informacion, Universidad de Buenos Aires, Av. San
Martin 4453 (C1417DSE), Ciudad de Buenos Aires, Argentina

Instituto de Investigaciones Fisiologicas y Ecologicas vinculadas a la
Agricultura (IFEVA), CONICET — Universidad de Buenos Aires,
Buenos Aires, Argentina

3 CONICET, Museo Argentino de Ciencias Naturales Bernardino
Rivadavia, Laboratorio de Ecologia de Pastizales, Buenos
Aires, Argentina

Instituto Nacional de Tecnologia Agropecuaria (INTA), EEA Villa
Mercedes, San Luis, Argentina

Ministerio de Ambiente y Desarrollo Sustentable de la Nacion, San
Martin, 451 Ciudad de Buenos Aires, Argentina

from temperate and cold regions (1.5-2.5%), while leaf phos-
phorus concentrations were markedly higher (0.2-0.3%), in-
dicating a nitrogen limitation. Resorption efficiency was
54.2% for nitrogen and 48.2% for phosphorus, exhibiting in-
complete resorption proficiency for both nutrients. Our results
represent valuable information to design sustainable manage-
ment strategies for wetlands according to their spatial and
temporal variation, and to define a baseline of vegetation func-
tioning to assess the impact of climate change in high-latitude
southern ecosystems.

Keywords Ecosystem functioning - Grazing - High-latitude
ecosystems - Meadows - Nitrogen, phosphorus, productivity -
Resorption efficiency

Introduction

Wetlands occupy an extent of 7 to 10 million km? representing
about 5 to 8% of the Earth’s land surface (Mitsch and
Gosselink 2000). They spread over a wide latitudinal and
ecosystem range across cold, temperate and tropical climates
and varying from coastal mangroves and marshlands to inland
grasslands (Whigham et al. 1993; Lehner and Dall 2004).
Despite this relative low percentage, wetlands are main pro-
viders of important ecosystem services at a global scale, such
as water and oxygen supply and balance, natural water filter-
ing, primary productivity, nutrient cycling, habitat and biodi-
versity conservation, basin water balance, among others
(Newman et al. 2006; Mitsch and Gosselink 2000). These
ecosystems embedded in arid or semiarid regions are particu-
larly important because they constitute an oasis for agriculture
within generally unfavorable local conditions (Hollis 1990;
Belsky et al. 1999).
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Wetlands are currently threatened by vegetation and soil
degradation processes due to unsustainable grazing (Davis
and Froend 1999; Taboada et al. 1999), biological invasions
(Zedler and Kercher 2004; Levin et al. 20006), drainage for
urbanization or real estate purposes, and unpredictable effects
of global warming (Erwin 2009), particularly in high-latitudes
(Pauchard et al. 2016). Hence, the study of spatial and tempo-
ral variation of above-ground net primary productivity (here-
after ANPP) of wetland meadows and the related environmen-
tal drivers is fundamental for conservation and sustainable
grazing management. In addition, the study of environmental
drivers linked to the spatial and temporal variation of ANPP
allows us to design grazing strategies to adapt or mitigate to
unfavorable environmental conditions (Wang et al. 2012).
However, this kind of studies is strongly limited by the poor
availability of field data on ANPP and environmental drivers
with extended spatial and temporal coverage (Knapp and
Smith 2001; Jobbagy et al. 2002).

At a regional scale, climate variability (i.e. mainly annual
and seasonal rainfall), is the main environmental driver of
ANPP inter-annual variation (Sala et al. 1988; Knapp and
Smith 2001). In sub humid ecosystems the relationship be-
tween ANPP and annual rainfall at a regional scale is strong
(Knapp and Smith 2001; Jobbagy and Sala 2000), but that
correlation seems to vanish at high mean annual rainfall
(Oesterheld et al. 1999; Huxman et al. 2004). However, at
local scales ANPP temporal variation is less explained by
annual rainfall (Paruelo et al. 1999; Knapp and Smith 2001),
and local drivers such as soil biogeochemistry, hydrological
regime, grazing, fire and “memory effects” gain importance
(Burke et al. 1997; Oesterheld et al. 2001).

Wetland ANPP is also frequently limited by nitrogen or
phosphorus (Verhoeven et al. 1996; Giisewell 2004, 2005;
Elser et al. 2007), which has also an effect on the floristic
composition and succession dynamics of plant communities
(Chapin et al. 1986). Moreover, global warming is expected to
provoke a significant impact on nutrients cycling in nutrient-
limited ecosystems from high-latitude regions (Van
Heerwaarden 2003). Hence, fertilization experiments and
studies on nutrient concentrations in biomass are important
to reveal possible nutrient limitations and to determine which
nutrients are deficient (Venterink et al. 2001; Wassen et al.
2002; Niinements and Kull 2005). Information on N:P ratios
can give a broad idea about the limiting nutrient for plants
(Koerselman and Meuleman 1996; Giisewell 2004).

In continental Patagonia, southern South America, wetland
meadows occupy a 2—8% of the total area of the region
(780,000 km?) representing a minor extent in comparison to
more xerophytic communities like grass or shrub steppes
(Iriondo 1989; Bran et al. 2004). However, in Tierra del
Fuego Island this percentage is higher and varies depending
on the zone (ca. 8-25%; Anchorena et al. 2016). Despite their
minor extent, wetlands have high productivity and offer
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forage that have allowed continuous sheep grazing on these
rangelands during the last century (Golluscio et al. 1998;
Anchorena et al. 2001). Wetland meadows vary across
Patagonia due to differences in lithology, location within par-
ticular watershed basin, latitude, topography, hydrology, soil
type and land use (Bran et al. 2004; Collantes et al. 2013).
They are small patches scattered within the landscape, primar-
ily composed of grasses, sedges and forbs, mostly associated
to permanent or transient shallow water streams with soils rich
in organic matter and nutrients (Mazzoni and Vazquez 2004;
Perotti et al. 2005). Nowadays, unsustainable grazing has led
to wetlands severe degradation, disturbances in water dynam-
ics and physical-chemical soil properties, decreases in vegeta-
tion cover, soil erosion, and a decrease in soil fertility (del
Valle 1993; Utrilla et al. 2005, 2006; Gaitan et al. 2011). In
addition, human activities result in the introduction of exotic
species, threatening meadows biodiversity (Iglesias and Pérez
1998; Perotti et al. 2005). Moreover, predicted increases in
temperature and decreases in precipitation and river water
flows in the region for next decades may accelerate the current
degradation processes (Vera et al. 2006; Kitoh et al. 2011).

In this study, we address different questions related to the
functioning and degradation of wetlands, particularly: 1)
Which are the main differences in the ANPP between
riparian- and spring-fed meadows in different functional
groups? 2) Which nutrient (N or P) is limiting the growth of
the meadows? 3) Which are the grazing effects on the ANPP?
and 4) In which extent do rainfall and temperature explain the
inter-annual variation of ANPP and leaf nutrient concentra-
tions? To answer these questions we analyze long-term data
on ANPP and nutrients from different types of wetland
meadows taking into account different co-dominant plant
functional groups. We hope our work will contribute to sus-
tainable management of these ecosystems in cold sub-humid
and high-latitude regions of South Patagonia, Argentina.

Materials & Methods
Study Area

The steppe region of Tierra del Fuego is part of the Magellanic
steppe, a humid grassy vegetation type extending south of the
Patagonian semidesert on the continent, at approximately
51°25'S, and reaching the Nothofagus forests at approximate-
ly 54° S in the Tierra del Fuego Island (Leodn et al. 1998;
Collantes et al. 1999). In the Fuegian steppe, daily and sea-
sonal variations of temperature are small (from a monthly
mean of 0 °C in July to 10 °C in January; Estadisticas
Meteoroldgicas 1986), cloudiness is high, winds are strong,
and the Falklands ocean stream determines a colder climate
than expected at its latitudinal location (Collantes et al. 1999).
Spatially, the main climatic gradient has a southwest-northeast
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direction, due to the rain shadow produced by the Andes
Mountains on the predominant westerlies. Within 150 km,
annual rainfall decreases from 450 mm in the southwest of
the area to ca. 280 mm in the northeastern extreme. The relief
of the steppe region is flat to undulating, with some low to
medium-height hills (Codignotto and Malumian 1992). The
areas covered during Pleistocene by continental glaciation are
dominated by till and outwash deposits of coarse texture. In
contrast, large areas not covered formerly by glaciers or melt-
water deposits are built of old Tertiary rocks of medium to fine
texture.

At a regional scale, highland vegetation is dominated by
tussock grasslands of Festuca gracillima Hooker f. and its
variants are mostly controlled by climate and lithology
(Collantes et al. 1999), while lowlands are covered by wetland
communities dominated by hygrophilous vegetation
(Collantes et al. 2009). Wetland meadows of the Magellanic
region are affected by two main environmental gradients: a
regional latitudinal-climatic gradient of increasing rainfall and
decreasing temperature towards the southwest, and a local-
topographic gradient that controls the water table depth
(Collantes et al. 2009); resulting in a main floristic gradient
of wetlands that differentiate into dry and wet meadows
(Collantes et al. 2013). Wet meadows have organic or mineral
soils, and a water table between 0 and 40 cm below the surface
in summer. They occupy depressed areas of valleys and are
characterized by dwarf sedges (Carex vallis-pulchrae Phil.,
C. macrosolen), rushes (Juncus scheuchzerioides Gaudich.),
and soft grasses (Hordeum lechleri [Steud.] Schenck,
Deschampsia antarctica Desv., and P. pratensis, among

Fig. 1 Study area and location of a
surveyed wet meadows: Isla
Grande de Tierra del Fuego
(dashed square) at the southern
extreme of South America (a);
study area (dashed rectangle) in
the Isla Grande de Tierra del
Fuego (Arg.) (b); and specific
locations for the surveyed wet
meadows in the Rio Grande basin
(¢). In panel “c” ring markers
indicated riparian meadows,
while star markers indicated
spring-fed meadows

Pacific
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others). Generally, the vegetation and soil type of wet
meadows are closely related to the wetland hydrology deter-
mining two different types of wet meadows: spring-fed or
riparian (Collantes et al. 2009). In spring-fed meadows
groundwater flow is dispersed and not concentrated to a de-
fined stream network as is the case in riparian meadows.
Hence, soil types associated to Fuegian spring-fed meadows
are Histosols or Fluvisols, while in riparian meadows the
dominant soil type is Gleysols (Collantes et al. 2013).
Generally, spring-fed meadows are associated to neutral soils
(pH 6-7), with high CEC and carbon, nitrogen, and cations
content (Ca, Mg, Na and K), and more abundance of sedges
and rushes compared to riparian meadows (Collantes et al.
2009, 2013). On the other hand, riparian meadows are associ-
ated to more acidic soils (pH 5.5-6) with low CEC, carbon,
nitrogen, and cations content, and to plant communities richer
in grass species.

Field Surveys

In order to characterize the inter-annual and seasonal variation
of ANPP and nutrients (i.e. leaf nitrogen and phosphorus) we
analyzed data from different field studies (Fig. 1). To describe
the inter-annual variation in ANPP we evaluated two
meadows representative for the main types of wet meadows
described by Collantes et al. (2013) (i.e. spring-fed and ripar-
ian) during 6-9 growing seasons. ANPP studies on both
meadow types were located in paddocks (i.e. large fenced
areas, ~2.000-2500 ha) managed under long-term continuous

grazing with an average stocking of ca. 1 sheep-ha 'yr. "

Atlantic
Ocean

Chile
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However, punctual grazing pressure on meadows (about 15%
of paddocks area, with the remaining 85% being upland com-
munities) varied between a stocking rate of 3.2 and 10 sheep-
ha71~yr.71 (Anchorena et al. 2001). ANPP was estimated with
the method based on the peak of biomass recorded at the end
of growing season (January—February). This procedure also
known as peak standing crop or peak live biomass is a simple
and most common method which uses the maximum amount
of live plus recent dead material (current growing season) as
estimate of ANPP (Sala et al. 2000; Scurlock et al. 2002;
Ruppert and Linstédter 2014). In the wet spring-fed meadow
(ca. 30 ha) we cut all vegetation at the ground level (1 cm)
from 10 sampled quadrats (0.1 m?) randomly set during nine
consecutive growing seasons (1987/88—-1995/96) from a graz-
ing exclosure (800 m?) set in 1986. In the wet riparian mead-
ow (ca. 15 ha) we followed the same protocol to characterize
the ANPP inter-annual variation, but we followed six consec-
utive growing seasons (1996/97-2001/02) from a grazing
exclosure (800 m?) set in 1996. To analyze grazing effects,
we used ten mobile cages (1 m?) to exclude sheep grazing near
to the exclosure area in the wet riparian meadow. Floristic
similarities between exclosure and grazed area (Serensen in-
dex, Mueller-Dombois and Ellenberg 1974) ranged from 68%
to 80% when the sampling started. This is about the maximum
similarity that can be expected for replicated stands (Mueller-
Dombois and Ellenberg 1974). Cages were located at the end
of the winter in the grazed area, and biomass was cut at the
beginning (i.e. outside the caged site to estimate biomass
availability) and at the end of the growing season. During
the next winter, all cages were randomly re-located in the
meadow avoiding previously cut areas to estimate biomass
availability, ANPP and animal intake for the next growing
season following the same protocol. Harvested biomass sam-
ples were conserved in freezers, processed in the laboratory
and separated in three main fractions (i.e. green graminoids,
green forbs, and standing dead biomass), oven-dried at 65 °C
during 72 h, and then weighed. To track inter-annual changes
in leaf nutrient status we measured the nitrogen and phospho-
rus concentration for each main fraction. The same biomass
samples used for ANPP were taken into account in the riparian
meadow under grazing during five consecutive growing sea-
sons (1996/97-2000/01).

To estimate the seasonal variation of ANPP we studied five
wetland meadows during three growing seasons (1999/00—
2001/02), where we estimated ANPP for each different season
(3-months) by multiple successive cuts in specific months
(February, May, August and November) in 10 mobile cages
(1 m?) per meadow located in grazed paddocks (Fig. 1). The
harvested biomass samples were processed as previously
mentioned to estimate the ANPP for each season. By
subtracting the final recorded biomass inside cages
(BiomassICyin Eq. 1) and the available biomass outside cages
at the beginning of each growing period (BiomassOC,, in Eq.
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1), we estimated the seasonal ANPP. In all cases, ANPP was
expressed as grams of dry matter per square meter and year.

BiomassIC ,—BiomassOC

ANPPy, = (1)

ty—to

In order to track the seasonal changes in the nutrient
status we measured the leaf nitrogen and phosphorus
concentration for each main fraction from ten biomass
samples used to estimate seasonal ANPP, but only dur-
ing two consecutive growing seasons (2000/01 and
2001/02). Nitrogen concentration was determined by
MicroKjeldahl method on a hot plate with sulphuric
acid (Page et al. 1982). Phosphorus concentration was
determined by digesting biomass samples on a hot plate
with nitric and perchloric acid. Then, phosphorus con-
centration was measured by spectrophotometry and col-
orimetric technique with vanadate-molybdate reagent
(Jackson 1964).

Weather data were obtained from an autonomous data log-
ger station (LICOR LI-1200) installed in the study area with
respective sensors to record daily: rainfall, aerial temperature
(mean, maximum and minimum), soil temperature (mean) and
radiation. In addition, we complemented this dataset with me-
teorological records taken in the headquarters of a ranch lo-
cated close to the studied area (14 km) and the recorder station
from the National Meteorological Service located in the Rio
Grande airport (27 km). The average total annual precipitation
is 361 mm, falling as rain and snow, and having a slight sea-
sonal peak in December—January (Fig. B1 in Appendix B).
During the periods of the study, mean annual rainfall was
lower than the long-term average, with several years below
220 mm during a drought cycle between 1995 and 2004 (Fig.
BI).

Data Analysis

To detect differences in ANPP throughout years we used lin-
ear models and conducted ANOVAs separated by main frac-
tions (i.e. total, graminoids, and forbs) and within each type of
meadow (spring-fed and riparian). Similarly, to detect differ-
ences in leaf nutrient concentration throughout years we used
linear models and conducted ANOVAs separated by main
fractions (i.e. graminoids, forbs, and standing dead biomass)
and within each nutrient (i.e. nitrogen and phosphorus). In
order to detect differences in ANPP across seasons we used
mixed linear models and conducted ANOVAs separated by
main fractions (i.e. total, graminoids, and forbs), where season
was the fixed effect and meadow was the block random effect
with the ANPP measures repeated across different years.
Likewise, to detect differences in leaf nutrient concentration
across seasons we used mixed linear models and conducted
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ANOVAs separated by each main fraction and nutrient with
the same fixed and random effects as ANPP analysis.

To detect relationships between ANPP and nutrients con-
centration with climatic drivers, we conducted Pearson corre-
lation analyses among them. Specifically, we correlated the
ANPP for different fractions, leaf N and P concentration with
monthly data on mean temperature and rainfall of the respec-
tive growing season (i.e. September to February). In addition,
we conducted correlation analysis between ANPP and prece-
dent standing dead biomass to detect possible negative feed-
backs on productivity.

To evaluate grazing effects, we estimated the animal
intake and the harvest index in grazed areas near to graz-
ing exclosures of wet riparian meadow during four grow-
ing seasons. Animal intake was calculated as the differ-
ence between the ANPP estimates and the final recorded
biomass outside cages for a particular growing season
(Eq. 2a).

Intakey; = ANPPA—BiomassOC,y (2a)

Then, we related the animal intake with the respective
ANPP for the same growing season to obtain the harvest index
expressed as a proportion of ANPP (Eq. 2b).

Intakey,
ANPP;

Harvest Indexp, = (2b)

Finally, we estimated the nutrient resorption efficiency
based on the nitrogen and phosphorus concentration in green
and standing dead biomass according to the eq. 3, and the
nutrient proficiency as the N or P concentration in standing
dead biomass.

[N orP green biomass_N or P standing dead biomass]
NorP green biomass

Resorption =

(3)

Results
Inter-Annual Variation of ANPP

The spring-fed meadow approximately doubled the total
ANPP of the riparian meadow at ungrazed conditions. In the
spring-fed meadow, the total ANPP varied between 200 and
1000 g'm ?-yr.”!' with a mean + SE value ca.
532+60.8 g'm 2yr. ' (Fig. 2a), whereas in the riparian mead-
ow the total ANPP varied between 100 and 500 g-m 2-yr.”'
with a mean = SE value ca. 310 +32.7 gm *yr.” ' (Fig. 3a).
However, the analysis of 6-9 years of ANPP data yielded that
both wetland meadows exhibited a high and similar relative
inter-annual variation (ca. 5 times between the minimum and

maximum ANPP), mostly explained by the graminoids frac-
tion (50—-65%; Figs. 2 and 3b) and in a lesser extent by the
forbs (5-25%) (Figs. 2c and 3c; Tables A1-A3).

The riparian meadow had a lower total ANPP at graz-
ing conditions, ranging between 50 and 200 g-m *-yr ',
with a mean + SE value ca. 108 £ 9.4 gm >.yr ' (Fig.
3a), and a higher contribution of graminoids (Fig. 3b, c).
Based on the results of ANPP at grazed conditions and
available biomass during four growing seasons, we esti-
mated a mean animal intake of 45+29 g-m *yr ' and a
mean harvest index of 43+17%. Also, we found a nega-
tive significant correlation between the current green
ANPP and the standing dead biomass during the previous
year (r = —0.593, p = 0.033).

Seasonal Variation of ANPP

The ANPP at grazed conditions showed a high seasonal var-
iation, especially between cold and warm seasons, with differ-
ences across fractions (Fig. 4; Table A4). The mean total
ANPP during the cold season (i.e. fall and winter) was not
different from zero, indicating a higher senescence than pro-
duction during this season (Fig. 4a), whereas in the warm
season, the mean total ANPP was about 70 and 150 g-m ™ -yr.”’
in spring and summer, respectively (Fig. 4a). Total ANPP
variation across seasons was mostly explained by the
graminoids contribution (50-70%; Fig. 4b), and in a lesser
extent by the forbs (5-20%; Fig. 4c). In addition, senescence
was higher during the fall compared to the winter for both
fractions (i.e. graminoids and forbs), but we did not detect
differences in the productivity between the spring and the
summer (Fig. 4b, c).

Inter-Annual Variation of Leaf Nutrient Concentrations

Overall analysis of the 5-years dataset showed that leaf
nutrient concentrations varied inter-annually in a lesser
extent than ANPP, and depended on biomass fractions,
(graminoids and forbs > standing dead) and nutrient type
(nitrogen or phosphorus) (Fig. 5; Tables A5-A6). In
graminoids, leaf nitrogen concentration ranged between
1.4 and 2% (Fig. 5a), while in forbs it ranged between
1.3 and 1.9% and had a remarkable decrease in the 1998/
99 and 1999/00 growing seasons (Fig. 5b). Standing dead
was the biomass fraction with the lowest nitrogen concen-
tration (0.9—1.25%) and variability compared to the mea-
sured concentrations in graminoids or forbs (Fig. 5c).
Leaf phosphorus concentration in graminoids ranged be-
tween 0.18 and 0.25%, and exhibited higher concentra-
tions in the last growing season (Fig. 5d). In forbs, leaf
phosphorus concentration ranged between 0.18 and
0.28%, and presented a similar pattern as nitrogen dynam-
ics (Fig. 5e). Also, standing dead biomass was the fraction
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Fig. 2 Aboveground net primary

productivity (ANPP) across a

. 1200
growing seasons for total (a),
graminoids (b) and forbs (c) in ‘:: 1000
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exhibiting lower phosphorus concentrations (0.11-0.16%)
and variability compared to the graminoids or forbs (Fig.

51).
Seasonal Variation of Leaf Nutrient Concentrations

Leaf nutrient concentration dynamics across seasons
showed differences among biomass fractions (graminoids,
forbs and standing dead) and nutrient type (nitrogen or
phosphorus) (Fig. 6; Tables A7-AS8). In the graminoids,
leaf nitrogen concentration ranged between 1.6 and
2.5%, having the lowest concentration in summer (Fig.
6a), while in the forbs it ranged between 1.5 and 2.1%
and the lowest concentrations were measured in winter
and summer (Fig. 6b). Nitrogen concentration across sea-
sons in standing dead biomass showed no differences,
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with the lowest global mean around 1.3% (Fig. 6¢). Leaf
phosphorus concentration ranged between 0.2 and 0.26%
in the graminoids, with the lowest concentration in the fall
(Fig. 6d); whereas in the forbs, it ranged between 0.16
and 0.29%, and the lowest concentrations were measured
in winter and summer (Fig. 6¢). No differences were de-
tected in the phosphorus concentration across seasons in
standing dead biomass, with the lowest global mean
around 0.14% (Fig. 6f).

Based on previous results of nutrients concentrations
across different meadows and growing seasons, the esti-
mation of N:P ratio of green biomass in the warm season
was 7.4+2.5 (mean+SD), while the same ratio in the cold
season reached to 11.3+4.7. Based on the difference in
nutrients concentrations between green and senescent bio-
mass in consecutive seasons we estimated the resorption
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Fig. 3 Aboveground net primary productivity (ANPP) across growing
seasons for total (a), graminoids (b) and forbs (¢) under two grazing
conditions from a wet riparian meadow. Different lower-case letters indi-
cate statistical differences (p < 0.05) across growing seasons in ungrazed
condition, while different upper-case letters indicate statistical differences
in grazed condition. Dashed lines indicate the temporal mean for
ungrazed condition and continuous lines indicate the temporal mean for
grazed condition

efficiency of nutrients, that was 54.2+6.9% for nitrogen
and 48.2+6.7% for phosphorus. In addition, the resorption
proficiency was incomplete for both nutrients (i.e.
N > 0.7% and P > 0.05% in senescent leaves).

Climatic Controls of ANPP and Nutrients

ANPP was positively correlated with the monthly rainfall at
the beginning of the growing season (October; Table 1), and
negatively correlated with the mean monthly temperature of
October, especially for the total and graminoids fractions
(Table 1).

Nutrients have shown different correlative responses to
rainfall and temperature, and in different months within
the growing season. In the graminoids, the nitrogen
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Fig.4 Aboveground net primary productivity (ANPP) across seasons for
total (a), graminoids (b), and forbs (c) in grazed condition from different
meadows. Different letters indicate statistical differences (p < 0.05)
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concentration was negatively correlated with the monthly
rainfall and positively with the mean monthly temperature
at the beginning of the growing season (Oct-Nov;
Table 2); while phosphorus concentrations correlated neg-
atively with October rainfall and with the mean tempera-
ture in January (Table 2). In the forbs, nitrogen concen-
tration was negatively correlated with October rainfall,
while phosphorus concentration correlated positively with
September rainfall, and negatively with December mean
temperature (Table 2).
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Discussion
Inter-Annual and Seasonal Variation of ANPP

Mean total ANPP of both types of wetland meadows (300 and
550 g'm *+yr.”" for riparian and spring-fed meadows, respec-
tively) was higher than the ANPP reported for other cold re-
gions, such as Asian meadows (Guo et al. 2006; Ganjurjav
et al. 2015), European alpine meadows (Ren et al. 2010), fen
meadows in Northern Europe (Peregon et al. 2005, 2008), and

America (Van der Valk and Bliss 1971; Weltzin et al. 2000;
Chapin et al. 2004). The oceanic influence on the climate of
Tierra del Fuego Island may determine more humid and mild
winters and a longer growing season compared with more
continental areas of similar latitude (Koremblit and Forte
Lay 1991). However, our results indicate a higher inter-
annual variation in ANPP for both types of wet meadows
(CV =49 and 57% for spring-fed and riparian meadows, re-
spectively), reaching to 5 times between the min and max
values recorded for studied periods (69 years). This inter-
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Fig. 6 Leaf nitrogen (a-c¢) and phosphorous (d-f) concentration across
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biomass fractions in grazed condition from different meadows (5) and
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ences (p < 0.05) across seasons within each panel
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Table 1 Maximum Pearson correlation coefficients and related p-
values between the main fractions of ANPP (i.e. total, graminoids, and
forbs) and monthly rainfall and mean temperature during growing season
(Oct-Feb). Empty cells indicate no significant correlations

Rainfall Mean temperature
Response variable month  r  p-value month r p-value
ANPP total Oct 0.64 0.033 Oct -0.65  0.031
ANPP graminoids  Oct 0.62 0.044 Oct -0.69 0.019
ANPP forbs Oct 0.78  0.004

annual variation of ANPP is higher than that reported from
colder ecosystems like alpine or northern meadows and boreal
fen peatlands (Thormann and Bayley 1997; Peregon et al.
2008; Ren et al. 2010), where mostly the max estimates of
ANPP have doubled the minimums. Nevertheless, the inter-
annual variation of ANPP is similar to that reported from
temperate wetlands and marshlands dominated by graminoids
(Altesor et al. 2005; Ewe et al. 2006). Probably, the inter-
annual variation in mean temperature at the beginning of the
growing season (Sept-Oct) regulates the length of growing
season favoring the alternation of years or short cycles with
more harsh or mild winters according to the functioning of
oceanic streams. On the other hand, methodological differ-
ences can explain the higher inter-annual variation of ANPP
here encountered. Particularly, the time frame covered by our
ANPP measurements (e.g. > 6-yr) or decisions about the in-
clusion of dead matter to estimate ANPP can influence the
inter-annual variation recorded (Scurlock et al. 2002).

Our estimates on ANPP from meadows in Tierra del Fuego
Island are relatively similar to previous reports from northern
Patagonian locations, especially from the riparian meadow
type and estimates based on the central zone of meadows
(Utrilla et al. 2005, 2006; Buono et al. 2010), but lower than
the ANPP estimates from Irisarri et al. (2012). Differences
may be due to the different locations, i.e. higher latitude and
colder sites of this study, and degradation conditions. In addi-
tion, the reported spatial variation of 2—-3 times in the mean

Table 2 Maximum Pearson correlation coefficients and related p-
values between the nitrogen and phosphorous concentration (in
graminoids and forbs) and monthly rainfall and mean temperature
during growing season (Oct-Feb). Empty cells indicate no significant
correlations

Rainfall Mean Temperature
Response variable month r  p-value month r p-value
[N] graminoids Oct -0.78 0.001 Nov 0.81 <0.0001
[P] graminoids Oct -0.66 0.003 Jan -0.91 <0.0001
[N] forbs Oct —0.65 0.004
[P] forbs Sep 0.71  0.001 Dec —0.66 0.003

ANPP among different meadows was generally higher than
our estimates. The high spatial variation reported at a regional
scale may be associated to larger differences in the main en-
vironmental controls of ANPP such as radiation, rainfall, tem-
perature, salinity, water table depth and pH (Gaitan etal. 2011;
Crego et al. 2014a) that were not embraced in our study. On
the other hand, the seasonal variation of ANPP was typical of
the region, with a major peak at the end of growing season, a
minor peak during spring, and a higher senescence rate during
the cold season.

Effects of Grazing on ANPP

Sheep grazing resulted in a 66% decrease of the mean total
ANPP, and in an increase of the inter-annual variation
(CV = 67%) in riparian meadows of the Fuegian steppe with
respect to the adjacent ungrazed enclosures. Grazing effects
were significant, despite the fact that field measurements be-
gun only one year after the set of exclosures and we would
expect changes to be more gradual in vegetation composition.
Our results agree with most results in sub-humid and semi-
arid grasslands, where domestic grazing generally reduced the
ANPP (Milchunas and Lauenroth 1993; Irisarri et al. 2016).
However, the relative reduction of ANPP by grazing (66%)
was quite high compared with other grasslands (10-30%),
probably environmental and evolutionary factors conditioned
this response (Milchunas and Lauenroth 1993). On the other
hand, the intake estimates and harvest index of sheep are
within the ranges reported for Patagonian steppes in accor-
dance to the respective ANPP values here reported
(Golluscio et al. 1998). Grazing history by sheep during the
last 120 years in the Fuegian steppe has caused large changes
in the floristic composition of rangelands (Cingolani et al.
2005), particularly in the meadows (Collantes et al. 2013).
Generally, tall and soft graminoids are replaced by cushion
shrubs, short graminoids and forbs (e.g. Deyeuxia poaeoides,
Hordeum pubiflorum, Koeleria fueguina and Juncus
scheuchzerioides are replaced by Caltha sagittata, Azorella
trifurcata and Poa spiciformis). This replacement of plant
species explained the remarkable decrease of the ANPP, and
turning the ANPP also more sensible to the weather condi-
tions in each growing season, and consequently increasing the
inter-annual variability.

Inter-Annual and Seasonal Variation of Leaf Nutrient
Concentrations

The analysis of inter-annual and seasonal variation of leaf
nutrient concentrations in the green biomass revealed that sea-
sonal variation of nitrogen and phosphorus concentration was
slightly higher than inter-annual variation, particularly in
forbs. Previous works have also reported subtle differences
across seasons in leaf N and P concentrations, particularly in
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forbs, compared to the main sources of variation such as soil
nutrient availability and across plant species or functional
types (Chapin et al. 1980; Giisewel and Koerselman 2002;
Wang and Moore 2014). Compared to other wetlands around
the World, leaf nitrogen concentrations in green biomass were
similar (1.5-2.5%), but leaf phosphorus concentrations were
quite higher (0.2-0.3%). Specifically, our estimates are higher
than the 75th percentile for phosphorus concentrations in
grasslands reported by Chapin et al. (1986), probably ex-
plained by the role of waterlogged conditions in wet meadows
during the growing season (Rubio and Lavado 1999).
Alternatively, this differential accumulation of phosphorus in
plant tissues can be also related to luxury consumption
(Oyarzabal and Oesterheld 2009) or possible mycorrhizal
symbiosis (Marschner and Dell 1994) that in both cases de-
serve more studies to disentangle their role in Fuegian
meadows.

Although the N:P ratio in plant tissues (Koerselman and
Meuleman 1996; Giisewell 2004, 2005) was subject of much
debate, most authors seem to agree that this ratio can be used
to determine the type of growth limitation (N or P) (Verhoeven
et al. 1996; Tessier and Raynal 2003; Giisewell and
Koerselman 2002). Giisewell (2004) proposed N:P ratios
<10 and >20 as critical thresholds in terrestrial ecosystems
to determine N or P limitation, respectively. According to
Giisewell (2004), our results point to a nitrogen limitation in
vegetation of wet meadows in Tierra del Fuego during the
growing season. Indeed, our results on N:P ratio agree with
the high biomass increases (3—4 times compared to the unfer-
tilized treatment) in response to the N fertilization (360 kg
ha™' ammonium nitrate) reported from field experiments con-
ducted in meadows on organic soils of Tierra del Fuego (San
Martino 2003). However, the use of other indicators of N and
P limitation, as resorption proficiency, are also recommended
because N:P ratio is a relative measure and can not represent
low absolute concentrations simultaneously in both nutrients
(Killingbeck 1996).

Resorption proficiency is defined as the ability of a species
to reduce N and P concentrations in senescent leaves below
established benchmark levels, either by resorption before se-
nescence (high resorption efficiency) or by having low nutri-
ent requirements, i.e. < 0.7% N for all species, < 0.04% P in
evergreens, and <0.05% P in deciduous species (Killingbeck
1996). Resorption of nutrients from senescing leaves is of
great ecological significance, because it is a major strategy
for conserving plant nutrients for growth, nutrient absorption
and competition (Aerts and Chapin 2000). We find that nutri-
ent concentration in standing dead biomass was relatively
high and stable throughout years and across seasons. This
result indicate an incomplete resorption proficiency in both
nutrients, but remarkable higher and thus less complete in
phosphorus. These results are in accordance with our previous
conclusion indicating a higher demand for nitrogen, but do not
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support the notion that resorption is a key process to recycle
nutrients at plant level in these wetlands. Probably, soil nutri-
ents availability related to plant requirements (Ven
Heerwaarden et al. 2003; Rejmankova 2005), and the low
internal remobilization besides decomposition rates due to
the cold weather explain this result (Escartin et al. 2010).

Effects of Rainfall and Temperature on ANPP and Leaf
Nutrient Concentrations

Overall results showed that ANPP and nutrient dynamics were
associated to rainfall, as expected for a water-limited ecosys-
tem, i.e. annual precipitation ranges between 280 and
450 mm~year71. In fact, all fractions of ANPP (i.e. total,
graminoids, and forbs) were positively associated with rain-
fall, and negatively with temperature. Even though wet
meadows have more water availability than upland plant com-
munities (e.g. fescue steppe or shrublands), the role of rainfall
at the beginning of the growing season seems to be also im-
portant to determine the ANPP in these ecosystems.

The negative correlation of ANPP with temperature may be
caused by a length reduction of the growing season due to the
balance between water losses by evapotranspiration and the
soil water holding capacity. This shortening in the length of
growing season promotes in turn early and longer drought
periods as it was reported in other sub-humid grasslands
(Epstein et al. 1997). Furthermore, the occurrence of a signif-
icant correlation between the ANPP and standing dead bio-
mass of the preceding growing season indicates the existence
of “memory” effects or short-term cycles of productivity
mainly controlled by the accumulation of litter on above-
ground (Oesterheld et al. 2001; Wiegand et al. 2004).

Leaf nutrient concentrations were also correlated to rainfall
and temperature, depending on nutrient type (N or P) and
plant functional group (i.e. graminoids or forbs). Leaf nitrogen
concentration in graminoids and forbs was negatively associ-
ated with rainfall, probably due to an increased biomass dilu-
tion effect (Lii et al. 2012). It is also possible that in wetter
years the waterlogged conditions throughout the growing sea-
son slowed down decomposition processes in soil and thus
reduced availability of nitrogen for plants. By contrast, leaf
phosphorus concentration was negatively associated with
rainfall in graminoids, but positively in forbs. These differen-
tial responses of leaf nutrient concentration and resorption
efficiency to environmental factors among different plant
functional types or plant species were previously reported,
where the functional group or species identity is more impor-
tant than climate factors or soil conditions to determine plant
nutrient responses (Kao et al. 2003; Ven Heerwaarden et al.
2003; Giisewell 2005; He et al. 2008).

The sub-artic and sub-antarctic wetlands play a significant
role in the global carbon cycle. The increase of atmospheric
CO, and the global warming can affect the ANPP and the
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carbon pools stored in terrestrial ecosystems, particularly at
higher latitudes (Pauchard et al. 2016). Based on climate sce-
narios projections and species distribution models, Crego et al.
(2014b) reveal a reduction ca. 8% of the suitable area for
meadows in Tierra del Fuego Island by 2050. In this context,
our results are relevant because they define an ANPP and
nutrients baseline of the ecosystem functioning from the high
productive ecosystems in Southern Patagonia, useful to esti-
mate and mitigate global warming effects in the future. To
conclude, our results bring valuable information to design
conservation practices and grazing sustainable managements
according to the spatial and temporal variation of these impor-
tant environments and main providers of multiple ecosystem
services in Patagonian rangelands.
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