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ABSRACT

We compared a Northern Hardwoods (NH) ecosystem in Northern Lower Michigan to a Mixed Oak (MO) forest in Southern Michigan with an emphasis on soil properties and climate.  At each site, we measured the composition of the whole forest community and described the primary soil horizons with respect to their physical characteristics.  We used published allometric regression equations to determine aboveground tree biomass and nitrogen.  In the laboratory, we analyzed soil samples to determine their physical, chemical, and biological properties.  The MO soil, derived from calcareous till, was a better substrate for plant growth in terms of its physical and chemical characteristics than the NH soil, which developed from sandy till.  The MO soil had a higher percentage of clay particles (12 v. 8%), greater water holding capacity (54.63 v. 39.63% by vol), higher pH (5.6 v. 4.7), and greater cation exchange capacity (5.83 v. 2.73 cmol/kg).  In addition, the microbial community of the MO soil was larger and produced more plant available nitrogen.  Despite these disparities in soil properties, aboveground biomass was slightly greater in the NH ecosystem (276 v. 245 Mg/ha).  We suggest that the cool, moderated conditions produced by the well-protected, deeply shaded environment in the NH ecosystem hold water in the soil column, greatly increasing site productivity and protecting against fire.  The ability of climate to overcome a less than encouraging soil profile at this site has important implications for global change.

INTRODUCTION


Climate is perhaps the most important factor in determining the productivity of an ecosystem.  Climactic variation with changing latitude, elevation, and proximity to large bodies of water and mountain ranges is closely tied to the distribution of vegetation across the globe (Barnes et al. 1998).  In association with the form of the land, climate directly determines the amount of sunlight and precipitation an ecosystem will receive.  Besides CO2, of which the change in concentration between any given sites is negligible, it is these two inputs that allow photosynthesis and fuel primary production by plants.  Temperature and the length of the growing season also affect the production of plant biomass by altering the balance between photosynthesis and respiration.  An ecosystem is not simply the product of its climate, however.  Ecosystem productivity is linked to soil water and nutrient holding capacity, microbial community size and activity, disturbance regime and others, all of which are influenced by climate.


The physical and chemical capacity of a soil to hold water and nutrients is critical for site productivity, and is determined mostly by the parent material of the site and organic inputs from vegetation.  Without altering the physical makeup of the soil profile however, climate can modify the water holding capacity at a temporal scale.  For example, in the Northern Hemisphere a soil on a south-facing slope will hold less water over time than a physically identical soil on a north-facing slope, because it receives more direct sunlight, which causes higher evaporation from the soil surface.  The reduced temporal water holding capacity of the south-facing slope would mean a reduction in plant productivity, and changes in the vegetation community.  These changes would alter the quality and quantity of organic inputs to the forest floor, changing the organic matter content in soil, which serves as a substrate for microbial activity.


These and other interrelationships between ecosystems and their climate are important to understand in the face of global change, which has the potential to alter not only direct inputs of temperature and precipitation, but also the frequency and intensity of natural disturbances (Breshears and Allen 2002).  In our analysis of soil properties and the influence of climate on forest ecosystems, we selected two forests with similar biotic communities and disturbance regimes in order to more closely examine the influence of their different soil properties and local climates.  We compared a Northern Hardwoods (NH) ecosystem in Northern Lower Michigan to a Mixed Oak (MO) forest in Southern Michigan.  We described the physical and chemical properties of these soils, considering how climate modifies or adds to those properties, and specifically how those additions were reflected in the vegetation and productivity of each ecosystem.

METHODS

Study Sites

In our analysis of soil properties and the influence of climate on productivity, we sampled two forest ecosystems in Michigan, the first of which is a mixed oak (MO) ecosystem at Radrick forest in Washtenaw County.  This forest was a presettlement beech maple ecosystem, but following extensive logging, it was reforested by oaks in the early part of the 1900s.  The landform at the site is a recessional moraine of clayey calcareous till deposited by the Wisconsian glaciation 14,000 years ago.  The topography is gently sloping (5-10%) with intermediate rises and depressions.  Precipitation averages 820 mm per year, with a mean annual temperature of 9.3 degrees Celsius (Archamboult et al. 1989).  Elevation is approximately 300m and the growing season lasts 158 days.  The soil is well developed, nutrient rich, moderately well drained, and classified as a fine-textured alfisol.  The overstory is dominated by Quercus rubra, Acer rubrum and Carya glabra.  With no measurable oak regeneration taking place, the forest shows a strong successional trend toward A. rubrum.


The second site is a northern hardwoods (NH) ecosystem in Northern Lower Michigan in the Manistee National forest in Wexford county (Lat. 44 48’N, Long. 85 48’W).  This site is also on a recessional moraine, however the glacial till in this case is sandy, scrapped from a lakebed during the same glacial period that deposited the moraine at Radrick Forest.  The topography is hilly, gently sloping (0-3%) with pits and mounds from past tree falls.  Precipitation averages 810 mm per year, with an average temperature of 7.2 degrees Celsius (Zak and Pregitzer 1990).  Elevation is 300m and the growing season lasts an average of 100 days per year.  The soil is a sandy, well-drained spodosol, and the overstory is dominated by Acer saccharum, Tilia americana, and Q. rubra.  Like Radrick Forest, this NH site was logged heavily in the early part of the 20th century.

Field sampling
We randomly placed a single 15m x 30m plot at each site, located around a soil pit that was dug to the upper portion of the C horizon.  We distinguished primary soil horizons based on differences in color, texture, and structure observed in the field.  At each of these primary horizons, we described soil texture, structure, color, pH, depth, boundary clarity, and percent coarse fraction (description follows Zak 2002a).  We noted the depth and composition of the organic layer and identified, where possible, partially decomposed leaves.  We measured diameter at breast height (DBH) at 1.3 m from the ground of all trees greater than 10 cm in diameter.  We extracted two soil cores (10 cm deep, 5 cm in diameter) at random in order to calculate bulk density.  We removed all forest floor material within two 0.5 m2 quadrats that were dropped at random within each plot.  We extracted twelve additional soil cores (10 cm deep, 2.5 cm in diameter) at random within the boundaries of the plot for further analysis in the laboratory.

We used published allometric regression equations to determine fresh aboveground ecosystem biomass and nitrogen (Zak 2002b).  These equations, unique for each species sampled, were developed by harvesting whole areas of forest and correlating tree biomass to stem diameter (DBH).  We weighed dried forest floor material collected from each quadrat and used this as a direct measure of forest floor biomass.

Laboratory analysis

With the exception of the bulk density samples, we removed all particles > 2 mm in diameter prior to laboratory analysis by passing the field samples through a sieve.  For soil texture analysis, we dispersed soil particles with the detergent sodium hexametaphosphate (100 ml).  We placed this solution in one liter of water, and calculated percent sand, silt, and clay based on hydrometer readings at 40 seconds and 2 hours.

In order to determine available water content (AWC) in soil, we placed water saturated soil samples into rubber rings in pressure plate systems at pressures of 0.01 MPa (field capacity - FC) and 1.5 MPa (permanent wilting point - PWP).  We used the difference in mass of these two samples as a measure of AWC.  To determine bulk density, we divided the oven-dry weight of each sample by the total volume of the coring device (203 cm^3).

We measured soil pH in a 1:1 soil-deionized water solution using a gel-filled combination electrode.  We measured the concentration of soil organic matter by wet combustion with concentrated H2SO4 and K2Cr2O7.  The amount of reduced dichromate produced in this reaction was proportional to the amount of organic matter in the soil sample.  After separating the reacted solution, we used spectography to measure dichromate in solution.


To determine exchangeable acidity, we saturated 10 g of soil with 100 ml of 1M KCl, removing base cations from the cation exchange complex (CEC).  Having removed the soil particles, and using a phenolphthalein indicator, we titrated this solution with 0.04M NaOH until [H+] = [OH-].  Because the KCl solution itself is slightly acidic, we titrated KCl alone and subtracted the amount of NaOH required for equilibrium from our original measurement to a get a corrected value for total acidity.  To measure the concentration of base cations, we extracted them by saturating the CEC with 1M NH4Cl.  We filtered this solution and analyzed it with an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) to determine the concentrations of Ca2+, Mg2+, K+, and Na+.  Using our measured concentrations of these base cations and the exchangeable acidity, we calculated the cation exchange capacity and percent base saturation.


In order to measure microbial respiration and biomass, we prepared chloroform fumigated and control samples of soil.  After removing the chloroform vapor, we inoculated the fumigated sample with microbes from the original soil and allowed both samples to incubate for a period of 13 days.  The amount of CO2 respired by the growing microbes in the fumigated sample was proportional to the biomass of microbes killed by the chloroform vapor, and we used this as a measure of microbial biomass.  We used the amount of CO2 respired by existing microbes in the control sample as a measure of microbial respiration rates.  We used a gas chromatograph to determine the concentration of CO2 in each sample.  We also measured changes in NH4+ and NO3- concentrations in the control sample after the incubation, in order to determine net N mineralization and nitrification.  We extracted these ions from the soil samples using 2M KCl.  After filtering this solution to remove soil, we measured NH4+ and NO3- concentrations with a rapid flow analyzer.

RESULTS

Field sampling

Our field analysis of the MO soil profile revealed a heavy, clayey soil rich with aggregates, and a coarse fraction of about 1% or less (appendix 1).  pH was circumneutral at the top of the profile, 5.5 in the E horizon, and more alkaline in the Bt and C horizons.  At the NH site, we found a much sandier profile, wholly more acidic in every soil layer except the parent material.  As with the MO site, the NH had a very low coarse fraction (1%), but aggregate development was almost nonexistent in the sandy substrate.

Vegetation was similar between the two sites, which were dominated by mesic overstory and indicator species with high nutrient and water demands.  In the NH overstory, T. americana and A. saccharum were most dominant, but Fagus grandifolia and Q. rubra were also common.  Several mesic indicator species were observed, including Viburnum acerifolium, Califilum thalictroides, and Allium tricoccum.  The MO forest was overwhelmingly dominated by the mesic oak Quercus rubra, while showing a successional trend toward A. rubrum.  Mesic indicator species observed at this site included Ribes cynasbati, Cornus florida, and Arisaema atrorubens.

The two ecosystems showed similar patterns of relative biomass distribution, with the majority of organic matter held in the aboveground pool (~75%), and a limited amount in the soil column (~20%).  Forest floor biomass was <5% of the total ecosystem biomass at both the MO and NH ecosystems.  Nitrogen was stored mostly in the soil (~75%), partially in the vegetation (~20%) and in the forest floor (<5%).  Absolute differences in these nutrient loads between the two ecosystems were slightly more pronounced, with the NH site containing less carbon and nitrogen in the soil and forest floor (Figure 1).  The whole NH ecosystem also held less total carbon and nitrogen, despite having a larger aboveground biomass and nitrogen pool than the MO site.

Laboratory analysis

In our laboratory analysis of the top 10 cm of the soil profile, we found soil texture at the two ecosystems to be markedly different, with a much greater percentage of silt and clay-sized particles in the MO ecosystem (table 1).  Bulk density measurements indicated a slightly higher percentage of pore space in the NH soil.  The difference between FC and PWP in MO was greater than the NH, indicating a higher AWC.  There was also a slightly larger percent organic matter in MO soils.

Table 1: Physical properties of the top 10 cm of soil in the mixed oak and northern hardwoods ecosystems determined by laboratory analysis



 
Mixed Oak
Northern Hardwoods






Soil texture
loam
sand







% sand
59.38
90.93


% silt
28.43
0.94


% clay
12.19
8.12







Bulk Density (Db) (Mg/m3)
1.13
0.95






Soil water (%vol water content)









PWP (pressure = 1.5 MPa)
13.96
8.77


FC (pressure = 0.01 MPa)
68.59
48.39


AWC (FC-PWP)
54.63
39.63






Soil organic matter









% Organic matter
6.10
4.30

 
 
 
 


As with the field analysis, pH measurements in the laboratory were significantly lower at the NH site (table 2).  The MO ecosystem had a very high cation exchange capacity (5.83 cmol/kg), more than twice the value for the NH system (2.73 cmol/kg).  Nearly 100% of the exchange sites in the MO soil were occupied by base cations, compared to 73% in the NH.

Table 2: Chemical properties of soils in the mixed oak and northern hardwoods ecosystems determined by laboratory analysis



 
Mixed Oak
Northern Hardwoods







pH (1:1 soil:deionized H2O)
5.60
4.70







Total acidity (cmol/kg)
0.08
0.73







Cation exchange capacity (cmol/kg)
5.83
2.73


Percent base saturation
99%
73%

 
 
 
 


Microbial biomass and respiration were much greater at the MO site, with specific respiration slightly higher there as well (table 3).  Both nitrogen mineralization and nitrification were slower in the NH, although this ecosystem showed a slightly lower ratio of carbon respired to nitrogen mineralized.

Table 3: Soil microbial biomass and nitrogen concentrations of soils in the mixed oak and northern hardwoods ecosystems determined by laboratory analysis



 
Mixed Oak
Northern Hardwoods







Microbial biomass (g C/m2)
25.26
16.29


Microbial respiration (ug/g/d)
42.23
24.81


Specific respiration (mg/g/d)
167.14
144.31


Net N mineralization (N/m2/d)
0.688
0.440


Net nitrification (N/m2/d)
0.049
0.002


C respired / N mineralized
6.92
5.31

 
 
 
 

DISCUSSION

The strong contrast between the physical and chemical properties of the MO and NH soils is a direct result of their physiography and the history of their formation.  Although deposited in virtually identical fashion, the moraines that provided the starting point for these soils contained very different material.  The till laid down in Washtenaw County at the MO site was scrapped from the limestone bedrocks throughout the state, rich in Ca2+ ions and clay particles.  Glacial till deposited in Wexford County, almost 200 miles northwest of Washtenaw, was sand, dug up from the bed of Lake Michigan.

At the MO site, the presence of clay in the soil column is noticeable at all levels of the profile, and is largely responsibly for the soil’s loamy texture.  More silt and clay sized particles in the soil increases the amount of surface area for water to adhere to, resulting in a higher AWC.  It also results in higher aggregate formation, which was observed throughout the profile.  This improves macropore space, and further increases plant available water (Brady and Weil 1999).  In addition to physical water holding capacity, the temporal water holding capacity of this soil is high, as evidenced by the moderate drainage rate.  A high organic matter content (6.1%) improves texture and water holding capacity in the MO ecosystem by increasing pore space in the A horizon.  Because plant roots are concentrated in this layer of soil, the presence of organic matter here has an enormous impact on ecosystem productivity.

By contrast, the NH ecosystem has less silt and clay, less organic matter, and therefore a lower water holding capacity than the MO site.  However, these physical constraints on water retention have not inhibited the productivity of the NH forest.  We suggest that the moderated climate at the NH site is responsible for holding water.  Although precipitation is no greater at the NH site, a cool, moist climate provided by weather systems moving southeast from Lake Michigan, and enhanced by the ecosystem’s protective topography and high elevation, reduce the transpiration demand on the vegetation as well as the evaporation of water from the soil surface.  The latter is further protected by the dense vegetation of the canopy, blocking out sunlight and providing a deep shade on soil surface (personal observation).  It is these interactions between climate and soil water holding capacity that increase the ability of the NH soil to retain moisture and encourage ecosystem productivity.

The NH spodosol is certainly more acidic throughout the soil profile, than the MO alfisol.  Although the respective parent materials appeared alkaline during the field analysis, the calcareous till at the MO site provides a storehouse of carbonate ions, which slow the chemical weathering process by buffering soil pH (Brady and Weil 1999).  In the surface horizons, where the laboratory analysis was done, we also found a higher pH in the MO soil, though still slightly acidic.  In the MO forest, oaks and hickories pump calcareous material to the surface by bringing Ca2+ ions into their leaf mass, and depositing them on the soil surface through litterfall and decomposition.  This process is not as important in the NH ecosystem because there is less Ca2+ substrate to extract, and the dominant overstory species, A. saccharum, produces fairly acidic litterfall.

In the MO ecosystem, a high concentration of organic matter and the presence of calcareous parent material contribute to a very high cation exchange capacity, causing this soil profile to be excellent at holding nutrients.  This effectiveness is evidenced by it’s nearly 100% base saturation (table 2).  Comparatively, the NH soil, with less organic matter, and without a high percentage of clay, has far fewer exchange sites available for nutrients to adsorb onto; it’s cation exchange capacity is less than half of the MO soil.  Again, not only is it’s physical capacity to hold nutrients lower, but the faster drainage means the NH site is also less capable of holding those nutrients over long periods of time.  

In keeping the forest environment cool and moist, the protective topography of the NH landscape also prevents frequent disturbance by fire, which overwhelms the ecology of neighboring jack pine forests on similar parent material. The most predominant disturbance regime operating at the NH forest (as well as the MO) is catastrophic wind through, which has a frequency on the order of 100s of years (Barnes et al. 1998).  Because the forest is disturbed so infrequently, it is able to hold onto nutrients in these long periods of a relatively steady state.  Were the disturbance regime more frequent, nutrients would be lost from the ecosystem rapidly because the soil profile is ill equipped to retain them alone.  Thus the interaction between climate-induced disturbances, or lack thereof, and the nutrient holding capacity of the NH soil allows for higher site productivity.

Despite stark differences in parent material and the physical and chemical properties of their soils, these two ecosystems show remarkable similarities in their vegetation, aboveground biomass, and overall ecosystem productivity.  Although microbial activity is measurably higher (biomass and respiration) at the MO ecosystem, the facilitation of decomposition by these communities is rapid at both sites.  A dense overstory at each ecosystem produces a steady stream of litterfall, however the organic layer of soil remains thin as this material is consumed by soil microbes (see Appendix 1).  Differences in the community composition of the dominant overstory vegetation between the two sites (Q. rubra at MO v. A. saccharum at NH for example) mean that the chemical composition of the substrate is quite different.  In this case, lower microbial biomass and respiration in the NH soil could simply be an artifact of a microbial community of a different composition, not necessarily one that is less efficient at breaking down organic material (Myers et al. 2001).  In fact, although absolute N mineralization and nitrification are also lower in the NH soil, the ratio of carbon respired to N mineralized suggests that this ecosystem is producing plant available nitrogen more efficiently than the MO soil (table 3).

The NH ecosystem has accumulated an aboveground biomass greater than that of the MO ecosystem over an equal period of time.  When analyzing aboveground biomass and nitrogen data however, we must consider that the measurement area was much too small to avoid the scaling problems common to biomass surveys (see Brown and Lugo 1992, Brown 1996).  The frequency of very large trees, which dominate aboveground forest biomass, show strong variability at spatial scales much larger than 0.045 ha (Brown 1996).  Interesting, if we look closely at the absolute quantities of carbon and nitrogen in the forest floor and soil pools, we see that in each case, the MO ecosystem is holds a higher amount (figure 1).  These pools were sampled with a spatial resolution more appropriate to their relative contributions to the ecosystem totals, and it is possible that they more accurately represent the disparity in carbon and nitrogen abundance between the two ecosystems.
  Thus, we suggest that even with topographic protection against water and nutrient loss, the NH ecosystem is probably slightly less productive than the MO ecosystem.  Certainly not all climactic considerations are in favor of the NH site.  The length of the growing season at the MO forest, for example, is 60% longer than that of the NH forest.


The northern hardwoods ecosystem, in spite of a sandy parent material and very acidic soil profile, is moderated by a cool climate, caused by the site’s elevation and topography, dense forest cover, and proximity to Lake Michigan.  It is the interaction of this climate with the physical and chemical constraints of the NH soil, combined with the topographic protection of the site from frequent disturbance by fire that hold water and nutrients in the soil, allowing an enormous potential for plant growth.

What does this mean for climate change?  The interaction described is complex, involving the full three dimensional section of earth space that makes up the forest ecosystem.  Even minor modifications of climactic conditions, such as moderated temperatures and protection from fire, can have a huge impact on every level of ecosystem function, fundamentally changing vegetation and site productivity.  Changes in precipitation, temperature, and the frequency and intensity of disturbances with sharp and unpredictable regional and local variability are a likely outcome of anthropogenic climate forcing (Dale et al. 2001, Breshears and Allen 2002). We suggest that these types of changes, even if subtle at a global level, are likely to filter down to the landscape ecosystem level and result in alterations of vegetation communities and site productivity.
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Appendix 1: Site and soil profile descriptions:

Presettlement beech-maple forest (Mixed Oak)

This presettlement beech-maple forest is dominated by Quercus rubra, Acer rubrum, and Carya glabra in the overstory, Prunus virginiana, Prunus serotina, Sassafras albidum, and Ostrya virginiana in the understory, and Rubus allegheniensis, and Ribes cynosbati in the groundcover.  The site is located on an upper north-northwest-facing (5-10%) slope of a recessional moraine with clayey till parent material.  The soil is moderately well drained with loam and clay loam, and clay in the upper horizons and medium sand in the lower horizons.  Rapid decomposition and nutrient cycling characterize this site.  This soil pit was dug near the edge of the forest type, grading into a drier site dominated by Quercus velutina.  The parent material (2C) was outwash, laid down by Fleming Creek, but was then overlaid by till.  The till (1C) has been weathered almost completely, leaving a 1-6 cm 1C layer and a medium sand in the 2C layer.  

Oi/e
3-0 cm; intact and partially decomposed Q. rubra, A. rubrum, S. albidum, and C. glabra leaves; abrupt smooth boundary.

A
0-17 cm; blackish brown (10 YR 3/3) loam; weak very fine subangular blocky structure; many fine roots; 1% gravel; neutral pH 7.0; abrupt smooth boundary

E
17-30 cm; light brownish gray (10 YR 5/4) clay loam; moderate medium-coarse angular blocky structure; few fine roots; 1% gravel; medium acid pH 5.5; gradual wavy boundary.

Bt
30-82 cm; dark orangey brown (10 YR 4/4) clay; strong coarse angular blocky structure; few fine roots; 1% gravel; medium acid pH 7.0; gradual wavy boundary.

1C
82-88 cm; brownish gray (10 YR 5/4) clay; strong coarse angular structure; 1% gravel; strongly effervescent; alkaline pH 8.0; gradual irregular boundary.

2C
88 cm; orangey brown (10 YR 4/6) medium sand; single grain; 1% gravel; no effervescence; alkaline pH 8.0.

Northern Hardwood Forest

This northern hardwood forest is dominated by Acer saccharum, Quercus rubra, Tilia americana, and Fagus grandifolia in the overstory, Acer saccharum, Fagus grandifolia, Ostrya virginiana, and Prunus serotina in the understory, and Acer saccharum, Viburnum acerifolium, Ostrya virginiana, and Fraxinus americana in the groundcover.  Indicator species in the groundcover for this nutrient-rich site are Viburnum acerifolium, Ostrya virginiana, Califilum thalictroides, and Allium tricoccum.  The site is located on a gently sloping north-facing (0-3%) moraine.  The soil is weakly developed with sandy loam in the upper horizons and medium sand in the mid and lower horizons.  

Oi/e/a
3-0 cm; intact and partially decomposed Q. rubra, A. saccharum, P. serotina and T. americana leaves; highly decomposed organic material; abrupt smooth boundary.
A
0-2 cm; dark brownish (10 YR 3/2) sandy loam; very weak medium granular structure; many roots; 1% coarse fragments; fairly acidic pH 4.5; abrupt wavy boundary.

E
2-8 cm; brownish (10 YR 3/3) sandy loam; single grain medium granular structure; many roots; 1% coarse fragments; moderately acidic pH 5.0; clear irregular boundary. 

Bs
8-34 cm; light brown (10 YR 4/6) sand; single grain medium granular structure; many roots; 1% coarse fragments; slightly acidic pH 6.0; gradual irregular boundary.

C
34 cm; tan brown (10 YR 4/6) sand; single grain medium to fine granular structure; 5 - 10% coarse fragments; large cobbles; neutral pH 7.0.






















� In fact, if we look at the mean class data over all ten plots with a combined sample area of 0.45 ha, aboveground biomass is also significantly higher in the MO ecosystem (327 v. 187 Mg/ha).
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