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High nitrogen contribution by Gunnera magellanica and nitrogen transfer by mycorrhizas drive an extraordinarily fast primary
succession in sub-Antarctic Chile
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 Chronosequences at the forefront of retreating glaciers provide information about colonization rates of bare surfaces. In the northern hemisphere, forest development can take centuries, with rates often limited by low nutrient availability. By contrast, in front of the
retreating Pia Glacier (Tierra del Fuego, Chile), a Nothofagus forest is in place after only 34 yr
of development, while total soil nitrogen (N) increased from near zero to 1.5%, suggesting a
strong input of this nutrient.
 We measured N-fixation rates, carbon fluxes, leaf N and phosphorus contents and leaf d15N
in the dominant plants, including the herb Gunnera magellanica, which is endosymbiotically
associated with a cyanobacterium, in order to investigate the role of N-fixing and mycorrhizal
symbionts in N-budgets during successional transition.
 G. magellanica presented some of the highest nitrogenase activities yet reported (potential
maximal contribution of 300 kg N ha1 yr1). Foliar d15N results support the framework of a
highly efficient N-uptake and transfer system based on mycorrhizas, with c. 80% of N taken
up by the mycorrhizas potentially transferred to the host plant.
 Our results suggest the symbiosis of G. magellanica with cyanobacteria, and trees and
shrubs with mycorrhizas, to be the key processes driving this rapid succession.

Introduction
Recently exposed soils after glacier retreat are nutrient-depleted
habitats (Yoshitake et al., 2007; G€
oransson et al., 2011; Schulz
et al., 2013). Ecological succession is therefore generally constrained (Tilman, 1990), with nitrogen (N) and phosphorus (P)
availability as the most common limiting factors (Vitousek et al.,
1989, 2010; Vitousek & Howarth, 1991; Yoshitake et al., 2007;
Batterman et al., 2013; Schmidt et al., 2016; Castle et al., 2017).
N limitation often occurs in early stages of colonization and is
progressively mitigated by the increasing quantity and availability
of N in the system coming from deposition and biological processes (Vitousek & Farrington, 1997). Atmospheric deposition is
small for most extensive glacier forelands with the exception of
the Himalayas (i.e. < 1 kg N ha1 yr1; Dentener et al., 2006)
and the primary sources of N in these areas are N release from
the bedrock (Houlton et al., 2018) or biological N-fixation
(LeBauer & Treseder, 2008). In the latter case free-living or symbiotic cyanobacteria are classic diazotrophic organisms during
early successional stages (Walker et al., 2003; Schmidt et al.,
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2008; Menge & Hedin, 2009; Raggio et al., 2012; Arroniz-Crespo et al., 2014). Later in the succession, vascular plant colonization and tree establishment can introduce endosymbiotic aproteobacteria (i.e. Rhizobium) or actinobacteria (i.e. Frankia
with Alnus) as more important N fixers (Lawrence et al., 1967;
Chapin et al., 1994; Kohls et al., 2003). Surprisingly, the N-fixation by symbiotic associations with vascular plants during primary succession is seldom measured and is therefore possibly
underestimated in high-latitude regions.
N availability directly impacts primary productivity which, in
turn, rests on photosynthetic activity. Photosynthetic organisms
along the succession in glacier forelands are of paramount importance in exponentially increasing the soil organic fraction. Microbial and cryptogamic communities certainly help to ameliorate
the initial harsh conditions of barren exposed substrates, but their
impact on C stock is small in comparison with the contribution
by vascular species (Crocker & Major, 1955; Matthews, 1992;
Chapin et al., 1994). However, photosynthetic rates at glacier
forelands have been mostly evaluated on cryptogams (Uchida
et al., 2006; Yoshitake et al., 2010; De los Rıos et al., 2011;
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