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Abstract. Beaver (Castor canadensis) affect biogeochemical cycles and the accumu-
lation and distribution of chemical elements over time and space by altering the hydrologic
regime. Aerial photograph analyses of beaver activities on the 298-km? Kabetogama Pen-
insula, Minnesota, were coupled with site-specific studies of soil and pore water concen-
trations of nutrients (nitrogen, phosphorus) and other ions (potassium, calcium, magnesium,
iron, sulfate, chloride), nitrogen cycling processes (nitrogen fixation and denitrification),
and biophysical environmental variables (vegetation, temperature, organic matter, soil
structure, pH, and oxidation-reduction potential). Our analyses demonstrate that beaver
influence the distribution, standing stocks, and availability of chemical elements by hy-
drologically induced alteration of biogeochemical pathways and by shifting element storage
from forest vegetation to sediments and soils.

Over the 63 yr of aerial photo records (1927-1988), beaver converted 13% of the
peninsula to meadows and ponds. Elemental concentrations in soils (in micrograms per
cubic centimetre) and in pore water (in milligrams per litre) revealed complex patterns
within and among the principal hydrologic zones (e.g., forest, moist meadow, wet meadow,
pond, stream). Principal components analysis (PCA) suggested that anaerobic conditions
caused by saturation of soil by water was the fundamental control over subsequent altera-
tions of biogeochemical pathways. Although few clear statistical trends were detected for
mass- or volume-specific elemental concentrations among habitats, organic horizon (O and
A) depths were greatest in the wet meadows and ponds (> 15 cm), causing the standing
stocks of chemical elements to be greatest there. We argue that the net effect of beaver
activities has been to translocate chemical elements from the originally inundated upland
forest vegetation to downstream communities and to pond sediments. As the upland
vegetation dies and decays after dam construction, only a portion of the chemical elements
are exported downstrcam (except for calcium and magnesium) or returned to the atmo-
sphere (C and N only). Consequently, the organic horizons of pond sediments accumulate
substantial standing stocks of chemical elements that are available for vegetative growth
when dams fail, the ponds drain, and meadows are formed. Since 1927 beaver activities
have augmented the standing stock of chemical elements in the organic horizons by 20—
295%, depending on the element. These influences are spatially extensive and long lasting,
affecting fundamental environmental characteristics of boreal forest drainage networks for
decades to centuries.
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INTRODUCTION

The vast populations of mammals and birds that
once inhabited the grasslands, forests, and waterways
of North America had substantial long-term influences
on the structure and dynamics of ecological systems
by foraging and by physically altering habitat (Naiman
1988, Pastor and Naiman 1992). Beaver (Castor can-
adensis) provide an excellent example of how long-
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term ecosystem and landscape-level changes are in-
duced by herbivory, physical habitat alteration, and
population dynamics (Naiman and Melillo 1984, Nai-
man et al. 1986, 1988, Remillard et al. 1987, Johnston
and Naiman 1990q, b, ¢). Beaver modify drainage net-
work morphology and hydrology by cutting wood and
building dams. These activities retain sediment and
organic matter in the channel, create and maintain
physically diverse wetlands, modify biogeochemical
cycles, alter the structure and dynamics of the riparian
vegetation, influence the character of water and ma-
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TABLE 1.

where appropriate. ND = not determined.
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Vegetative and physical characteristics of the hydrologic categories of study sites. Annual mean * 1 SE is given,

Parameter

Hydrologic zone

Forest

Moist meadow

Wet meadow

Beaver pond

Dominant species

Populus tremuloides,
Betula papyrifera,
Picea glauca, Abies

Calamagrostis cana-
densis

Scirpus cyperinus,
Calamagrostis
canadensis, Carex

Calamagrostis cana-
densis, Carex pseudo-
cyperus, Sparganium

balsamea lacustris

Total live biomass 12330 + 1363 340 = 32.1 362 + 52.0 348 + 64.5
(g/m?, as dry mass)

Litter dry biomass ND 253 £ 45.5 143 + 30.0 214 = 117.2
(&/m?)

Number of species ND 19 28 17

Dominant soil Typic Eutroboralf Typic Ochraqualf Typic Argiaquoll Typic Haploquept

Soil bulk density 0.53 £ 0.11 0.39 £+ 0.06 0.32 £ 0.04 0.47 + 0.05
(g/cm?)

Soil organic matter 39+ 2 35+£2 38+2 26 = 1
(% soil dry mass)

Soil carbon* 4247 + 429 9619 + 658 5285 + 405 5920 + 809
(&/m?)

Depth of <-=70 -2+ 3.7 5+22 >10
water table (cm)

Water-logging Not flooded Temporarily flooded Seasonally flooded Permanently flooded
conditions

Annual Celsius 2084 + 21 2078 = 18 2760 = 19 2784 + 21
degree-dayst

Redox potential 536 £ 15 338 + 22 —18 + 25 —64 + 45
(Eh, mV)

Soil/sediment pH 5.06 + 0.26 5.13 £ 0.15 5.78 £ 0.07 6.06 + 0.06

* From Naiman et al. 1991.
1 se calculated from the array of sampling probes.

terials transported downstream, and broadly influence
biotic composition and diversity. The net result is a
mosaic of temporally and spatially variable biophysical
patches with strong long-term influences on landscape-
level features.

Alterations to the hydrologic regime are especially
important in influencing system-level characteristics
and processes. Hydrologic changes modify the sedi-
ment water content, which in turn governs aerobic—
anaerobic status, biogeochemical cycles, and metabolic
activity. The hydrologic regime is of primary impor-
tance to microbial processes such as nitrogen miner-
alization, organic carbon decomposition, phosphorus
availability, and ionic reactions that determine water
quality and biogeochemical reactions (Johnston 1991,
Pinay and Naiman 1991, and references therein). Phys-
iological responses to the hydrologic regime also alter
vegetative composition, causing mortality in some spe-
cies while promoting production in others. Hydrolog-
ically induced changes result in productive beaver-cre-
ated meadows and wetlands with long-term
consequences for vegetative succession in the boreal
forest (Naiman et al. 1986, 1988, Pinay and Naiman
1991). In addition, the hydrologic alterations may re-
main as functional features of the landscape for cen-
turies (Rudemann and Schoonmaker 1938, Ives 1942,
Johnston and Naiman 1987).

Our previous research has examined the effects of
beaver on stream community characteristics (McDow-
ell and Naiman 1986, Naiman et al. 1986, 1988), spe-
cific biogeochemical cycles (Ford and Naiman 1988,
Naiman et al. 1991, Pinay and Naiman 1991), and
landscape features (Johnston and Naiman 1987, 1990a,
b, ¢). Here, we report on changes in biogeochemistry
of the organic horizons (O and A) as ponds are created,
used, and abandoned, while comparing the resultant
soil properties with the adjacent upland forests. We
examine oxidation-reduction potential (redox), tem-
perature, percentage organic matter, ion and nutrient
concentrations and standing stocks, and vegetation
characteristics associated with altered hydrologic re-
gimes. We show that changes in soil biogeochemical
properties in abandoned beaver meadows persist far
longer than active occupation by beaver and that beaver
may cause substantial reallocation of standing stocks,
chemical forms, and flux rates for nutrients and ions.
Through these collective processes beaver initiate a
long-term legacy that significantly influences boreal
forest drainage networks.

STUDY AREA

The 298-km? Kabetogama Peninsula of Voyageurs
National Park, Minnesota, USA (48°34’ N, 93°23' W)
has been subjected to a dramatic reinvasion of beaver
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Location of study sites (M) and major sampling transects (—), Kabetogama Peninsula, Voyageurs National Park,

Minnesota. Location of stream sampling sites (@) and hydrologic recorders (4); (A) Clyde Creek Ponds, (B) Lost Ponds, (C)
Shoepack Ponds; " ! represents surface water in ponds and lakes.

since = 1925. Fire and logging in the early part of this
century created abundant food reserves in trembling
aspen (Populus tremuloides) and willow (Salix spp.).
This, combined with a reduction in predatory wolf
(Canis lupus), allowed the beaver population to expand
rapidly. In 1927 there were only 64 beaver ponds,
whereas by 1988 there were 835 ponds. Beaver im-
poundment density increased from 0.2/km?2in 1927 to
3.0/km? in 1988 as the total area of beaver-created
habitat expanded from 200 ha (< 1% of peninsula study
arca) to 2661 ha (13% of peninsula study area) over
the 63-yr period (Johnston and Naiman 19904, ¢). Ad-
ditionally, =12-15% of the uplands were altered by
beaver foraging during the same period (Naiman et al.
1988). The impounded area constitutes a mosaic of
beaver dams representing a large array of vegetative
and hydrologic environments ranging from newly cre-
ated ponds to abandoned meadows (Table 1).

The Kabetogama Peninsula lies in the Northern Lakes
and Forests ecoregion (Omernik 1986). Trembling as-
pen, paper birch (Betula papyrifera), white spruce (Pic-
ea glauca), and balsam fir (4bies balsamea) are the
primary tree species. The area is well known for its
cold climate, caused by the arrival of continental polar
air throughout most of the year. Mean annual tem-

perature is 1.4°C. The average first and last occurrences
of freezing temperatures are 15 Septemberand 26 May,
respectively. In winter, frost penetrates to depths up
to 150 cm, varying with soil moisture and snow depth
(NOAA 1986).

Three drainage systems were chosen (Shoepack, Lost
Ponds, Clyde Creek), each of which contain three
beaver-influenced sites and a stream site (Fig. 1). We
chose these particular drainage systems because they
were accessible and representative of beaver-created
environments on the peninsula and to avoid pseudo-
replication by sampling in only one drainage. Wet
meadow and moist meadow sites were distinguished
prior to sampling by the presence or absence of surface
water in late spring: water was below the soil surface
at moist meadow sites and at or above the surface at
wet meadow sites.

The streams for all three systems were small (second
to third order), heavily shaded, and on bedrock, had
little summer discharge, and were located below the
pond—-meadow complexes. Unimpounded streams were
exceedingly rare on the peninsula due to the extent of
beaver activity, necessitating the selection of stream
sites below pond-meadow complexes. The effects of
upstream beaver activities on these sites remain un-



