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Abstract. The vegetation mosaic of the Alaskan taiga is produced by patterns of disturbance
coupled to well-defined successional patterns. In primary succession on river floodplains,
one of the critical transitions in succession is that from thinleaf alder (Alnus tenuifolia) 1o
balsamn poplar (Populus balsamifera). This is the shift from a Nz-fixing shrub to a deciduous
tree. Through this transition there are major changes in N cycling including a decrease in
N;-fixation, mineralization, and nitrification. Most models of plant effects on soil processes
assume that these changes are caused by shifts in litter quality and C/N ratio. This paper
reviews several studies examining the effects of balsam poplar secondary chemicals on soil
nutrient cycling. Balsam poplar tannins inhibited both Nz-fixation in alder, and decomposition
and N-mineralization in alder soils. Other poplar compounds, including low-molecular-weight
phenolics, were microbial substrates and increased microbial growth and immobilization,
thereby reducing net soil N availability. Thus, substantial changes in soil N cycling through
succession appear to have been mediated by balsam poplar secondary chemicals.

The boreal forest, including the taiga forest of Alaska, is composed of a
complex mosaic of plant communities (Van Cleve et al. 1993). The controls
on the pattern of boreal vegetation has been an area of research for at least
several decades (Van Cleve et al. 1986), and is of global concern since the
region contains approximately 20% of the total global soil C pool (Post et al.
1985). Changes in vegetation are accompanied by changes in soil C storage.
Thus, the processes that control the structure of vegetation and changes in it
are of interest both for understanding the basic ecology of the taiga and for
understanding changes in the global C cycle.

The primary driving force causing the complex vegetation mosaic is distur-
bance. There are several disturbances that occur in the Alaskan taiga that can
damage plants enough to restructure plant communities. The most common
and widespread is fire, with return frequencies ranging widely from 30-400
years (Dymess et al. 1986). Fires in the taiga tend to kill trees, which are not
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fire resistant, though shrubs in muskeg regenerate quickly from belowground
stems if the fire isn’t severe. The major rivers have extensive floodplains and
they periodically change their courses, cutting banks and dropping trees into
the river, while depositing bare alluvial bars in their wake (Van Cleve et al.
1993). Additional disturbances that can affect the structure of taiga commu-
nities are insect outbreaks and unusual winter storms. In recent years there
have been serious outbreaks of spruce budworm and spruce bark beetles that
may eventually lead to the demise of large stands of white spruce (Picea
glauca). Stand damaging winter storms have occurred both unusually early
(Sept. 1992), prior to leaf fall, which bowed over many birch and aspen trees
from the weight of snow, or very late (April 1992) when ice storms caused
major damage to white spruce.

These infrequent disturbances leave long-term legacies on the landscape.
When fire or river migration destroys a mature white spruce stand, it takes
several hundred years to reestablish. The recovery processes involve patterns
of plant succession that, while different in upland secondary- and floodplain-
primary succession, are well documented and repeated. Thus, any individual
piece of the taiga landscape is usually in some slale of recovery from a past
disturbance, rather than being in equilibrium.

Plants induce changes in soil characteristics and processes (both biotic
and abiotic; see other papers in this issue), and these changes in tumn affect
the vegetation through altered water and nutrient availability, altered soil
temperature, and other characteristics. These feedbacks may be complex and
in the constantly changing ecosystems of the taiga, the feedbacks may affect
both the direction and rate of succession. As vegetation changes, the nature
of the plant—soil feedbacks change and this in turn may drive some of the
changes in vegetation and ecosystem structure. This has been a major thrust
of work done at the Bonanza Creek Long Term Ecological Research site near
Fairbaoks, Alaska.

One particular focus of our recent work has been on understanding the
changes in soil properties that occur during primary succession on river
floodplains. Newly established river bars are initially colonized by willow
(Salix) and Equisetum species. Over a decade or so, these are largely replaced
by thinleaf alder (Alnus tenuifolia). Balsam poplar (Populus balsamifera)
saplings establish in the first decade but don’t reach canopy dominance for
about 40-60 years. White spruce (Picea glauca) usually dominates a site
within 150-200 years. Evenmally white spruce may be replaced by black
spruce muskeg (Picea mariana; Viereck et al. 1993) though there is currently
debate over whether this is common (Mann et al. 1995).

During primary succcssion, there arc major changes in nutrient cycling
and soil C accumulation (Van Cleve et al. 1993). In the alder stage, rapid
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Figure 1. Soil nitrogen and carbon dynamics through succession. Data taken from Van Cleve
etal. 1993.

N,-fixation and litter production (Viereck et al. 1993; Van Cleve et al. 1993)
account for most of the C and N accumulation in the forest floor over the
lifespan of the forest (Figure 1). The N cycle during the alder stage is domi-
nated by inputs from Np-fixation, and turnover through mineralization and
nitrification is rapid (Clein & Schimel 1995; Schimel et al. 1996). As balsam
poplar takes over the stand, however, C accumulation slows and the N cycle
changes as well, becoming dominated by the internal recycling processes of
NHJr mineralization-immobilization (Clein & Schimel 1995).

Two questions driving our research, and the topic of this paper, are: 1)
what causes the changes in N cycling as poplar replaces alder during primary
succession on these river terraces? and 2) what effects does this have on the
transition from alder to poplar during succession? There are several possible
mechanisms for the plant effects on N cycling. The first is through controlling
litter quality (Swift et al. 1979; Aber et al. 1990). Balsam poplar produces
lower qualily litter than alder, with lower N and a much higher C/N ratio
(senesced alder C/N = 24; senesced poplar C/N = 80.5). It is therefore possible
that as balsam poplar litter becomes the dominant input to the forest floor that
N mineralization and nitrification decline, simply because N availability in
the litter substrate declines.

An alternate mechanism, however, is that poplar may produce compounds
that directly alter microbial activity (e.g. substrates, toxins, or compounds that
complex substrates and make them unavailable for microbial attack). Plant
secondary chemicals, including tannins, low malecular weight phenolics, and
terpenes may inhibit nitrification under some conditions (Baldwin et al. 1983;
Thibault et al. 1982; Lodhi & Killingbeck 1980; White 1986). Tannins can
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also act as inhibitors of soil microbial activity (Lewis & Starkey 1963, Bepoit
et al. 1968; Benoit & Starkey 1968; Swain 1979; Baldwin et al. 1983; Field

& Lettinga 1992). Secondary metabolitcs may control decomposition and
mineralization (Palm & Sanchez 1990, 1991; Gallardo & Merino 1992, Irons
etal. 1991), and may also control the amount of N and the balance of inorganic
vs. organic N present in soil solution (Northrup et al, 1995),

In Alaska, balsam poplar foliage and other tissues have high concentrations
of condensed tannins (76 mg/g dry wt. in foliage; Schimel et al. 1996), as
well as large concentrations of low-molecular-weight phenolics (120 mg/dry
wt.; Cates et al. 1997), which may act as C sources (Sugai & Schimel 1993).
It is also possible that either foliage or roots release other chemicals (sugars
etc.) that may affect microbial activitics as well. All of these chemicals may
affect N cycling and soil processes and thereby feed back to the vegetation,
possibly affecting the shift from alder to poplar. In this paper we review work
that addresses how balsam poplar affects soil processcs in an alder-dominated
stand. This work has included both laboratory research to determine the
specific mechanisms of effect and field work to test the applicability of those
mechanisms w the ‘real world™. There have been two foci to the work we
have done: effects on soil mineralization dynamics and effects on N,-fixation
in alder.

Mineralization-lab studies

To study the effects of balsam poplar chemicals on microbial processes in
alder soils, we extracted and purified poplar tannins and low molecular weight
phenolics (Schimel et al. 1996; Cates et al. 1997). These chemicals were
sorbed onto silica gel to facilitate their addition to the soils. We then applied
the chemicals (20 or 50 mg/g soil) to alder soil in laboratory incubations.
We also used cellulose as a control to supply C without having other specific
physiological effects. We measured respiration rates and N-mineralization/
nitrification dynamics over a two weck incubation period.

All carbon amendments reduced net N mineralization at the 20 mg/g level
and caused net immobilization at the 50 mg/g addition level (Figure 2a;
Schimel et al. 1996). This could be explained either by the compounds acting
as microbial growth substrates thereby causing immobilization, or by inhibit-
ing decomposition and gross mineralization. The mechanism responsible
was determined from the microbial respiration. Both cellulose and phenolics
increased soil respiration, indicating they were used as microbial substrates,
Poplar tannins, however, inhibited respiration by 40% (Figure 2b), indicating
that they imhibited microbial activity. In other experiments, alder tannin did
not inhibit respiration in alder soils, indicating that poplar tannins do not
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Figure 2. Elfects of poplar chemicals (50 mg/g) and ccllulose on M-mineralization and
microbial respiration in soil from an alder stand. Data from Schimel et al. (1996).

merely replace alder tannins but introduce a new effect on N-cycling. These
results suggest that balsam poplar secondary chemicals could reduce soil N
availability by simultaneously reducing gross mineralization (tannins) and
enhancing gross immobilization (phenolics). The question remained to what

extent these effects occur in the field, as poplar becomes dominant in an alder
stand.

Mineralization-field evidence

To test how poplar secondary chemicals affected soil processes in the field, we
did a reciprocal transplant study. This allowed us to determine how changing
the chemical environment of the soils would alter their C and N dynamics.
We placed alder soils in a poplar site to simulate the changes in the chemical
environment as poplar becomes dominant in an alder site.

We collected bulk samples of O horizon soil from both alder and poplar
sites, homogenized the soil and packed it into polypropylene miesh ‘cages’
(5 cm diam. x 10 cm height, 6.4 mm mesh). The cage design was to contain
the soil for sampling but to allow water and root movement into the soils.
Replicate scts of cages were placed in the field in pairs, each pair having
one alder and one poplar soil cage. They were placed in an alder stand and
a mature balsam poplar stand in July 1992. In August 1992 and monthly
through the summer of 1993 we collected cores and analyzed them for nitri-
fication potential (chlorate slurry, Belser & Mays 1980), respiration potential
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(CO; production over 30 days lab incubation), and N-mineralization potential
(mineralization over the 30 day lab incubation).

One of the cntical data sets from this experiment was the ratio of C
to N mineralized in the lab after soils were collected from the field. This
ratio is an indicator of the relative extent of C or N limitation to the soil
microbial community (Schimel 1986). A high ratio of C to N mineralized
indicates a N limited community, that is either processing N poor matenial
or immobilizing a large portion of the mineralized N; a low ratio indicates a
C limited community that has excess N relative to its needs. In alder soils,
the ratio ranged between 10 and 24 (depending on samphng date and the
site soil was incubated in), while the ratio for poplar soil ranged between 30
and 60 (Clein & Schimel 1995). These data indicate that alder soil microbial
communities are relatively C limited while poplar communities are N limited.

One explanation for the relative C vs. N limitation between the two soils
is indicated by the lab incubation respiration data (Table 1). Because these
incubations were carried out under optimal conditions, they provide an indi-
cation of the availability of C to the microbial community. Poplar soil always
rcspired morc than the alder soil that had been incubated in the alder sitc,
indicating that there was a ready supply of C to microorganisms in the poplar
site. The highest respiration rates, however, were generally in the alder soils
that had been incubated in the poplar site (Table 1, Clein & Schimel 1995).
The increased respiration compared to the alder soils incubated in the alder
site indicates that the poplar site was supplying labile C to the alder soils.
Thus, in the poplar site, low N contents coupled to high amounts of available
Cled to N limited microbes.

Indices of net N availability (extractable inorganic N and nitrification
potentials) in the field were always higher in alder soil than poplar soil at a
given site, and were always higher in the alder site than in the poplar site for
a given soil (Table 1). Thus, alder soil had greater native N availability than
poplar. Transplanting alder soil to the poplar site decreased its N availability,
while transplanting poplar soil to the alder site increased net N availability.
The C and N data together suggest that the exira inputs of C the soils were
receiving in the poplar site were responsible for increasing microbial growth
and immobilization and thereby decreasing N availability.

Surprisingly, however, after cages were collected and soils were incubated
in the laboratory for 30 days, N-mineralization in the alder soils was higher
in soils that had been in the poplar site than in the alder site. Given that in situ
net N availability was lower in alder soils incubated in the poplar site, this
was surprising. The explanation likely involves the C inputs the alder soils
receive in the poplar site (Figure 3). In the field, inputs of labile C would
cause net N immobilization. After removing any inputs by incubating the
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Figure 3. Mechanism by which transplanting alder soils to a poplar site decreases N-availability
in situ, but increases N-mineralization in lab incubations.

soils in the lab, that C would be respired away, and the N associated with it
would be mineralized.

The lab data showed strong inhibition of soil microbial activity, particu-
larly N mineralization, by poplar tannins, as well as strong enhancement of
activity by simple phenolics. The field data, however, suggest that the primary
effect of balsam poplar on microbial processes in alder soils is through enhanc-
ing microbial activity by supplying labile C to alder microbes. Thus, tannins
may be important in litter decomposition, but any role of tannins in inhibiting
forest floor microbial processes is outwcighed by the enhancement from the
inputs of labile C.

The combination of the lab and field studies shows that as poplar becomes
dominant in an alder stand 1t reduces net N availability to plants. This occurs
via two mechanisms. The first is the increasing dominance of poplar litter,
which is low in N (0.55% in senesced litter), decomposes slowly (leaves
remain relatively intact for several years), and immobilizes N for 3—4 years
(data not shown). The second mechanism by which poplar affects soil N
availahility appears to be by releasing labile C into the soils and stimulating
N immobilization. It is unclear whether the C released is from root exudation,
foliar leaching, litter leaching, or some combination of these. Thus, the low
quality litter produces a long-term N sink, while labile C inputs provide a
short-term N sink.

This reduction in soil N availability, however, shouldn’t have a significant
effect on alder, since alder species are symbiotic Nj-fixers and generally
appear to obtain more than 90% of their N from N,-fixation (Binkley et al.
1992; Mead & Preston 1992). Thus, a reduction in soil N availability should
only be noticeable to alder if Nj-fixation is reduced. To test for this, we have
also examined the effects of poplar on N»-fixation in alder.

N;-fixation-lab studies

Cates et al. (1997) carried out laboratory studies to determine the effect
of poplar chemicals on Nj-fixation in alder. They took 2-year-old alder



229

]
o
!

H
o

W
o
|

N
=)
]

—
o
|

Acetylene reduction activity
(uMole CzH+g'Noduleowr+h™)

o
i

Control Alder Poplar Poplar
tannin  tannin phenolics

Figure 4. Effect of poplar chemicals on N-fixation m alder nodules. Data from Cates et al.
(1997).

plants, put them into a hydroponic medium and applied poplar tannin, poplar
phenolics, or alder tannin at concentrations of 0.1% w/w in the solutions.
After 30 days incubation in the hydroponic system, they measured nitroge-
nase activity in excised alder nodules by acetylene reduction. While alder
tannin and poplar phenolics had essentially no effect on Nj-fixation in alder
nodules, poplar tannins significantly inhibited N-fixation (p < 0.0001; Figure
4). This suggests that poplar tannins have the potential to inhibit the ability
of alder to fix N3 in situ.

N:-fixation-field evidence

Given the apparent lack of tannin activity in the field studies on mineral-
ization, it seemed critical to test for poplar effects on Nj-fixation in alder
in the field. Evidence suggests that the effects of poplar chemicals on Np-
fixation in the lab do occur in the field. A study measured Np-fixation in alder
nodules throughout the floodplain succession, from an open willow-alder
stage; through a mature alder stage; a stage dominated by poplar, in which
alder is an understory plant; and finally a mature white spruce stage, in which
alder is also in the understory (Figure 5). N>-fixation activity was measured
by short-term acetylene reduction assays on excised nodules.
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Figure 5. Changes in No-fixation activity in alder nodules through succession.

N,-fixation per gram nodule declined through the stages from willow-alder
through balsam poplar. This could result from the input of poplar secondary
chemicals inhibiting N;-fixation, or it could result from alder aging and
becoming less active, some other resource becoming progressively more
limited (either light from increased shading, or perhaps P becomes sequestered
in biomass and organic matter), or from conditions becoming progressively
worse in some other way, such as the soils becoming colder. However, N»-
fixation rates pcr gram nodule increased again into the oldest successional
stage — the white spruce stage. In white spruce light remains very limited, soils
are colder, and conditions appear generally less hospitable to alder (Viercck
et al. 1993). L'his suggests that the increase in N-fixation in the white spruce
stand was due to the demise of poplar, providing field evidence that the
low N,-fixation rates in the poplar stage are due to a specific poplar effect,
probably mediated via tannins, as suggested by the lab studies.
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Figure 6. Mechanisms by which balsam poplar may affect thinleaf alder’s access to nutrients
and gain dominance through succession.

Synthesis

The integration of these studies provides a complex picture of interactions
between alder and poplar that are mediated through the soil and involve a
variety of chemicals, not all of which have been characterized. Figure 6 shows
the combination of interactions that we believe go on during the transition
from alder to poplar dominance on Alaskan floodplains.

Poplar appears to reduce N availability to alder by both inhibiting alder’s
ability to fix atmospheric N, and by reducing the availability of soil N that
alder could potentially use as a substitute for fixed N». Thus, it may be possible
that by reducing alder’s ability to acquire N, balsam poplar may limit alder
growth and give poplar a competitive advantage in getting into the canopy.
Once poplar becomes dominant in the canopy, it can shade out alder and
complete the transition to poplar domination (Figure 6).

The common explanation for the transition between alder and poplar is
based primarily on life history traits. Alder requires high light and only
lives for several decades, while poplar is more shade tolerant and is longer
lived (Viereck et al. 1993). Thus, poplar can naturally replace alder without
requiring active mechanisms for interfering with alder. However, the chemical
interactions between alder and poplar support a hypothesis that the changes
in N cycling through the transition are caused, in part, by poplar secondary
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chemicals. As nutrient dynamics may play a role in controlling the timing
of the transition from alder to poplar, it is therefore possible that poplar
secondary chemicals affect the timing of the transition from alder to poplar
domination of the community.

Another effect of poplar’s reducing soil N availability is that it retains N in
the ecosystem by enhancing net immobilization. In the long-term perspective
of these ecosystems’ structure and function, this may be even more important
than any effect of hastening the successional transition. The N cycle in the
alder stage has rapid inputs and rapid losses. As poplar replaces alder, N inputs
from N,-fixation decline; it N losses were not also reduced there could be large
net losses of N from the ecosystem. As inputs decline through succession, if
there were large N losses during the alder-poplar transition, it would reduce the
total N pool available to later stages of vegetation in succession. This could
affect the structure and function of floodplain ecosystems for an extended
period.

This work may raise the question of whether some of the evolutionary
selection for secondary chemical production has been for the effects on below-
ground conditions and intcractions, rather than these being merely ‘accidental’
side effects of some primary purpose. This hypothesis would run counter to
much of the theory explaining plant secondary chemical production, which
has tfocused on protection from herbivores (Rosenthal & Berenbaum 1992).
Beyond raising the possibility of selection for soil effects, however, we don’t
believe there is sufficient evidence to draw meaningful conclusions on this
issue.

Conclusions

This hody of research has shown that poplar secondary chemicals have
substantial ecological significance, beyond their role as herbivore deterrents
(Bryantet al. 1991). These chemicals appear to strongly affect nutrient cycling
in the taiga floodplain ecosystem and on the changes in nutrient cycling that
occur through primary succession. Balsam poplar tannins, it appears, may
have roles in controlling litter decomposition and in inhibiting N-fixation in
alder. Simple phenolics and possibly other chiemicals are strong stimulators
of microbial activity and cause extensive N-immobilization, thus reducing
N-availability and reducing N-loss. These kinds of interactions, mediated
by plant secondary chemicals, are rarely considered in models of ecosystem
behavior or in plant—soil relationships. We belicve that the work described
here and in other studies cited, show that plant secondary chemicals may
sometimes be an important factor in mediating the interactions between plants
and soils.
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