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OLD-FIELD SUCCESSION ON A MINNESOTA
SAND PLAIN!
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Abstract. Vegetation and soils were sampled in 22 old fields ranging in age from 1 to
56 yr since abandonment. Soil nitrogen concentration increased significantly with field age.
Vegetation cover, total aboveground plant biomass, and litter cover increased significantly
with soil nitrogen. Light penetration to the soil surface was negatively correlated with total
plant biomass. Field age and soil nitrogen concentration were used as independent variables
in simple regression and partial correlation analyses to determine the relative importance
of such time-dependent processes as dispersal vs. the availability of a limiting resource
(nitrogen) as predictors of patterns in species richness or the abundance of various plant
groups. Species richness per field and within-field heterogeneity in species composition
increased with field age. Local species richness decreased with increasing soil nitrogen.
Cover of annuals and introduced species decreased with field age and nitrogen; however,
annuals contributed an important part of total vegetative cover even in 25-vr-old fields.
Cover of perennials and woody species increased with soil nitrogen and field age. Although
the fields were bordered by woods, woody species contributed <15% cover even in the
oldest fields. For several plant groups the relationship between cover and soil nitrogen
within individual fields was the opposite of that among all fields. These patterns suggest
that while soil nitrogen is an important determinant of local species composition and
abundance, dispersal and colonization, which are dependent on field age, determine which

species are present in a field.
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INTRODUCTION

Time is intrinsic to the concept of succession, which
has often been defined as the repeatable change in com-
munijty composition through time following a distur-
bance (e.g., Drury and Nisbet 1973). One class of models
for succession assumes a simple direct effect of time
on changes in species occurrence and abundance. Dif-
ferences in dispersal rates and growth rates of species
are thus hypothesized 10 be responsible for many of
the successional patterns observed in old fields and in
the intertidal (e.g., Egler 1954, Connell and Slatyer
1977). Other models suggest that time-dependent
changes in resource availability control succession. The
role, of time is thus hypothesized to be indirect, with
species responding directly to resources. Christensen
and Peet (1984). for example, suggested that species
became more restricted in their distribution with time,
due to competitive displacement from areas where they

were less efficient at using resources, and Tilman (1982, .

1985) has suggested that changes in the relative avail-
ability of limiting resources, in particular nitrogen and
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light, drive changes in species composition during
succession. .

In this paper we report results of a study of limiting
soil resources and vegetation in a chronosequence of
22 old fields, ranging in age from | to 56 yr since
abandonment. Our objectives were both 10 document
successional patterns in vegetation and soils, and to
compare field age and soil nitrogen as predictors of
successional changes in vegetation. We examined how
plant species richness changes with field age; how plant
species composition changes as fields age, and how
predictable those changes are; and whether species
richness, species composition, and soil nitrogen are
correlated, both between and within fields.

METHODS
Study site

Cedar Creek Natural History Area (Cedar Creek) is
located on the Anoka County Sand Plain =50 km north
of Minneapolis, Minnesota. The 2200-km? sand plain
was formed 12 000-13 000 yr ago by glacial outwash
at the end of the Wisconsin glaciation. Cedar Creek
lies between prairie 10 the west and deciduous forest
to the east. Prairie species increased in importance
=8000 vr ago (Cushing 1963). The resulting vegetation
was a mixture of fire-maintained oak savannah and
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TasLe |. Field, soil nitrogen, and diversity data for 22 old fields surveyed in 1983. Quadrat diversity measures are average
values for all quadrats in a field. Average Jaccard similarity index is the average of all pairwise comparisons of quadrats
within a field. Sample size is 100 quadrats in each field, except for fields 22 and 29, for which it is 150 quadrats.

Aver-

T Field  Field Soil N (mg/kg) Field Quadrat Jae-

culti- age area species  Species card

Field vated Last crop (vr) (ha) Ave. Min, Max, richness richness H index
72 1927 potato 56 3.0 870 429 1873 51 9.61 1.62 31.7
69* 1934 corn 49 4.1 684 366 1383 68 11.99 1.70 319
32 1941 corn 42 3.0 759 487 1428 61 8.65 1.47 29.0
35 1941 oats 42 1.9 706 397 1691 59 7.22 1.44 26.9
45 1943 cormn 40 11.1 456 191 1508 45 10.43 1.59 32.2
5 1947 oats 36 12.4 631 292 1399 42 5.43 1.04 39.2
27 1947 unknown 36 8.4 447 291 901 49 11.47 1.61 352
76 1952 soybeans 31 2.4 560 303 914 49 7.69 1.15 34.0
77 1952 soybeans 31 5.9 530 253 932 64 11.29 1.56 30.2
70 1955 soybeans 28 8.8 513 238 967 53 10.93 1.67 35.5
2] 1957 soybeans 26 3.7 656 443 918 31 7.20 1.35 45.2
22% 1957 soybeans 26 8.8 520 148 1054 61 10.27 1.30 28.0
26 1957 soybeans 26 4.3 402 190 647 47 9.54 1.32 39.0
47 1959 soybeans 24 14.6 790 410 1507 48 7.88 1.18 33.1
44 1961 soybeans 22 6.4 551 287 1183 43 7.59 1.44 37.9
53 1961 soybeans 22 5.9 556 304 933 29 7.03 1.31 52.3
24 1968 soybeans 15 11.3 393 196 653 47 10.06 1.51 34,9
29+ 1968 soybeans 15 4.8 442 225 1328 52 11.49 2.09 41.7
4 1971 rye 12 3.7 387 239 526 22 5.11 0.93 48.6
40 1972 Tye 11 6.4 574 360 945 45 8.56 1.23 38.3
39 1975 rye 8 6.2 357 246 571 41 11.44 1.87 51.7
4] 1982 rye 1 4.0 435 308 750 34 8.99 1.31 51.3

* Fields in which quadrats were located along the edge of unmanipulated control plots rather than on permanent transects.

prairie, upland deciduous forest, and lowland marshes
and swamps (Cushing 1963). Soils at Cedar Creek are
primarily outwash sediments of well-sorted fine (Sartell
and Zimmerman series) and medium (Nymore series)
sands (Grigal et al. 1974), which are poor in nitrogen
(Tilman 1983, 1984). Agricultural practices further de-
pleted nitrogen from these soils, with the result that
secondary succession in abandoned fields begins under
conditions of significant nitrogen limitation. Experi-
ments in four old fields at Cedar Creek indicate that
nitrogen limits primary productivity in fields ranging
in age from 10 to 49 yr since abandonment (Tilman
1984): none of the other nutrients added to experi-
mental plots (Mg, Ca, P, K, trace minerals, H,0) in
three fields produced consistent increases in total plant
biomass; nitrogen is the primary limiting resource in
these soils,

The Cedar Creek area was first settled by Europeans
in 1356. Some selective and clearcut logging was done
shortly after settlement. The earliest record of clearing
land for cultivation was 1885, and most of the land
was first cultivated between 1900 and 1910 (Pierce
1954).

Sampling

In 1983 we sampled vegetation and soils in 22 old
fields at Cedar Creek. Fields ranged in age since aban-
donment from 1 to 56 yr; last crop was known for all

but one field (Table 1). The 22 fields we sampled were
all located on well-drained upland sands in the Zim-
merman, Sartell, or Nymore series (Grigal et al. 1974).
Slopes ranged from 0 10 15%. Each field was bordered
on at least one side by upland forest vegetation (pri-
marily red oak, pin oak, and their hybrids) or by other
fields that were themselves bordered by forest. There
were differences in the last crop planted in these fields,
and hence the timing of the last cutting or plowing also
varied. We believe, however, that the similarity in soils
and climate make these 22 fields a valid chronose-
guence in which to look for successional patterns. In
each of 19 of the fields we established four parallel
transects 40 m long spaced 25 m apart. On each tran-
sect we sampled 25 quadrats, 1 X %2 m, spaced at 1%-
m intervals, for a total of 100 quadrats in each field.
In one of those fields, field 21, one transect was not
parallel to the others because of the size and shape of
the field, In the remaining 3 fields transects were lo-
cated on the sides of unmanipulated control plots that
were part of a separate experimental study, While the
spacing between these transects was different, quadrat
size and spacing between quadrats on each transect was
the same.

Within each quadrat we estimated percent cover of
bare ground, litter, and vegelation by species. Vege-
tation within a quadrat was viewed as if projected onto
a two-dimensional plane, and cover of each species,
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bare ground, and litter were estimated visually. Percent
cover for all plant species, bare ground, and litter were
calculated to sum to 100%. Litter estimates were af-
fected most by our sampling method. Cover was not
allocated to litter where the litter was covered by live
vegetation; thus, as vegetation increased, cover allo-
cated to litter necessarily decreased.

We took a 10-cm soil core at the center of each
quadrat. Total nitrogen was analyzed colorimetrically
following persulfate digestion (Tilman 1984). Organic
matter content was measured in every fifth quadrat on
each transect by ashing =10 g of soil. We measured
pH using a 1:1 dilution of soil with deionized water
that was allowed to equilibrate for 30 min.

In 1984 we sampled plant biomass and measured
light penetration in the 19 fields with permanent tran-
sects. These measurements, three on each transect, were
taken at points different from those where we estimated
percent cover. At each location we clipped, at ground
level, a strip of vegetation 10 cm wide and 200 cm
long. Samples were sorted into three categories (grasses,
forbs, and litter), dried, and weighed. Before clipping,
light readings were taken above the vegetation and at
ground level using a 1.0 m long, integrating, cosine-
corrected LI-COR quantum sensor. Light readings were
taken within £2 h of solar noon on clear days. Light
penetration was calculated as the proportion of the light
above vegetation that reached ground level.

We attempted 1o minimize two sources of sampling
error. First, to minimize the effect of differences in
sampling among groups, each of four teams sampled
one transect in each field. Second, because the percent
cover of species changes during the season, we sampled
all fields during 2-wk period (21 July 1983 to 4 August
1983). Order of sampling was arbitrary, but we avoided
correlation of sampling order with field age. At the time
we sampled, warm-season species had completed most
of their aboveground growth and cool-season species
were still present. '

Analyses

For most analyses we grouped plant species based
on their life history, growth form, and historical origin.
Although this ignores patierns at the species level, it
serves several useful purposes. The first of these is
simplification. We encountered >150 species in our
study; it is much easier to find general patterns when
a limited number of plant groups are considered. Sec-
ond, life history categories may be useful in testing
particular models of succession. Third, we can look at
particular groups of species (e.g., introduced species,
true prairie species) 10 see if there are consistent changes
in the abundance of these groups with field age. Plants
were categorized using data from Gleason and Cron-
quist {1963). Curtis (1959). and E. Cushing, B. Dela-
ney, and T. Morley {personal communication in each
case).

Species richness was calculated for individual quad-
rats and for each field as a whole. Jaccard index values
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(Goodall 1978) were calculated for all pairs of quadrats
within each field and for all pairs of fields.. This index
provides a measure of similarity, ranging from 0 to
100, for two sample units based on overlap in species
composition (larger values of thisindex indicate greater
similarity). The form of the index we used employs
only presence/absence data, and thus reflects differ-
ences in species composition. Index values for pairs of
quadrats within a field provide a measure of similarity
of quadrats within a field; values for pairs of fields
compare similarity in species composition between
fields.

Statistical analyses were done using SPSS version
7.9 (Nie et al. 1975). Percent cover and proportional
cover values were transformed by taking the arctangent
of the square root of X/(1 — X), for regression analyses.
Except where stated otherwise, statistical analyses were
performed using average percent cover and average soil
nitrogen for each field, rather than individual quadrat
data. Analyses reported here were performed using per-
cent cover. Results of analyses using proportional cov-
er (percent cover divided by total vegetative cover)
were very similar to those reported here. Correlations
of percent cover for various plant groups vs. soil ni-
trogen concentration within individual fields included
quadrats on which cover of those groups was zero.
Analyses without those quadrats gave similar results.
Correlations typically decreased in significance when
zeros were omitted (i.e., fewer fields had significant
correlations), but the nature of the relationships was
not changed by deleting zero points.

We did both simple and partial correlations using
field age and average field soil nitrogen ?s predictors
of species richness and cover of the various'i)lant groups.
Partial correlations were used 10 test the'relative im-
portance of age and soil nitrogen as "'Srediclors of
successional changes.

RESULTS
Soil resources s

Average total soil nitrogen (7N; expressed in milli-
grams per kilogram of soil) in the top 10 cm increased
significantly with field age in years (TN = 6.84-Age +
369.19;r=0.67,N=22, P <.001). Field meansranged
from 357 to 870 mg/kg (Table 1); range and standard
deviation were positively correlated with field mean.
Average percent organic matier content was not sig-
nificantly correlated with field age (r = 0.33, P =.133)
or with average field nitrogen (r = 0.15.P = .516). For
all fields together. organic matter (O.\/) was highly cor-
related with total nitrogen on individual quadrats
(OM = 0.003-TN + 0.4]1; r = 0.89. N = 408, P <
.001).

Field age and average pH were not significantly cor-
related (pH = —0.004-4ge + 5.64; r = —0.32, N =
22, P = .14). For all felds together, pH was weakly
correlated with nitrogen concentration on individual
quadrats (pH = —0.0002-7N + 5.67,r= —0.20, N =
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TaBLE 2. Soil type (Grigal et al. 1974) and within-field correlations between soil nitrogen concentration and pH, species
richness, and percent cover of three plant groups. These correlations were calculated using individual quadrat data.

Correlation coefficient between soil nitrogen concentration and:

Field
age Species Introduced True prairie
Field (yr) Soil typet pH richness Annual forbs species species

72 56 ZmB/ZmC NS —-0.17* NS NS -0.20*
69 49 ZmB —0,52%>* —0.48*™ —(.44%* —0.35% NS
32 42 ZmB NS —0.24** NS NS 0.38%*>
35 42 ZmB/LnA NS ~0,36mx* NS 0.57*=* —0.47%**
45 40 ZmB/ZmC —-0,29* —0.65% —0.49%** 0.45%%= —0.63***

5 36 ZmB —0.27%* —0.55%** -0.31** 0.46*** —0.35%*=
27 36 ZmB NS —0.30%** NS NS NS
76 31 ZmB/ZmC -0.24* —(.35%** ~Q.26** NS 0.30**
77 31 ZmB/ZmC —0.32* —0.50%"* ~(.30%+ ~0.25* 0.36***
70 28 ZmB NS NS -0.21* NS NS
21 26 ZmC NS 0.18* 0.33%** NS NS
22 26 ZmB/ZmC -0.17* NS 0.16* 0.45%* NS
26 26 ZmB NS 0.26* 0.32%* 0.32%#* 0.26™*
47 24 NyB —0.44¥>* —0.45%* ~0.50*** NS NS
44 22 ZmB -0.27** —0.54%+ —0.47%%= 0.41%*= ~(.38%%*
53 22 ZmB/ZmC 0.22* NS NS NS NS
24 15 ZmB 0.41%* NS NS NS —0.34%**
29 15 SaB NS —0.28%*~ —0.25* 0.50%** —0.32%**

4 12 ZmB ~0.37%** NS 0.31** 0.47%** NS
40 11 SaB -0.28* NS NS NS —0.25*
39 8 SaB 0.39%» —0.36%«* NS 0.66%** ~0.60%**
41 1 SaB —0.43%%* NS 0.44%** 0.36*** N§

1 ZmB: Zimmerman fine sands, 0~6% slopes; ZmC: Zimmerman fine sands, 6—15% slopes; SaB: Sanell fine sands, 0-6%
slopes; NyB: Nymore sand, 6—15% Slopes; LnA: Lino fine sands, 0-4% slopes.

*P < .05;* P < .01;**P < .00l;Ns P> .05,

2144, P < .001). Within individual fields, however,
there were significant positive and negative correla-
tions between pH and nitrogen concentration (Table
2). The nature of the relationship between nitrogen and
pH (i.e., whether it was positive or negative) did not
vary systematically with field age or soil type.

Vegetation, bare ground, and litter

Cover of all vascular plants increased with both field
age and soil nitrogen concentration (Table 3a, Fig. 1).
Percent cover of vascular plants was more strongly
correlated with nitrogen than with age. Cover of non-
vascular plants was not linearly correlated with age
(Table 3b, Fig. 1) but did decrease linearly with soil
nitrogen alone and in a partial correlation in which age
was controlled (Table 3b).

Percent bare ground decreased with field age and
with soil nitrogen (Table 3¢, Fig. 2), but neither age
nor nitrogen concentration was significant when the
other was controlled for in a partial correlation analysis
(Table 3c). Cover by litter was positively correlated
with soil nitrogen but not age (Table 3d, Fig. 2). The
positive correlation between litier cover and soil ni-
trogen remained significant in a partial correlation when
age was controlled for (Table 3d). On individual quad-
rats, litter was negatively correlated with total vege-
tative cover (r = —0.45, N = 2300, P < .001).

Biomass samples, taken in 19 fields in 1984, showed
that litter, total vegetational standing crop (grasses +
forbs), and grass biomass were all positively correlated
with average field nitrogen concentration (Table 4).
Only litter mass was significantly correlated with field
age. Lightpenetration (L), the proportion of light above
vegetation that reached ground level, was negatively
correlated with standing crop (SC) (L = —0.002-SC +
0.90; r = —0.76, N = 19, P < .001).

Species richness

We tested for patterns in plant species richness at
three levels. First, we examined mean quadrat species
richness (SR) for each field. Second, we examined in-
dividual quadrat SR for all fields combined and for
each field separately. Third, we examined total SR for
each field.

Average quadrat SR per field was not significantly
correlated with field age (r = 0.32, P=.076) or average
field nitrogen concentration (* = 0.29, P = .096),

When the data for all quadrats in all fields were
analyzed as a group. SR was negatively correlated with
nitrogen (SR = —0.004- TN + 11.5; r=~-027, N =
2262, P < .001). When these data were considered on
a field-by-field basis, 15 fields had significant correla-
tions between SR and nitrogen concentration (Table
2). Of these 15 correlations, 13 were negative and 2
were positive. There was no obvious relationship be-
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TasLE 3. Correlation coefficients of field means for vegetation variables with field age and mean total soil nitrogen concen-
tration in the 22 fields. Within-field Jaccard similarity indices are means of values calculated by comparing all pairs of

quadrats within a field. ¥ = 22.

Simple correlation coeficients

Partial correlation coefficients

With age With soil nitrogen With age With soil nitrogen
a) % cover, vascular 0.55**. 0.69*** 0.18 0.51*
plants (0.008) (0.001) (0.438) (0.018)
b) % cover, nonvascular -0.12 —0.49* 0.32 —0.56**
planis (0.587) (0.019) (0.159) (0.009)
c) % cover, bare ground —0.60** —0.65%** -0.30 -0.42 .
(0.003) (0.001) (0.184) (0.060) .
d) % cover, litter 0.38 0.64+** -0.07 0.56** -
(0.079) (0.001) (0.751) (0.009) '
e) Species richness (per 0.54* 0.35 0.47* -0.04 o
field) 0.005) (0.110) (0.032) (0.862)
f) Jaccard index (within —0.70%+* —0.48* —0.58** -0.04
fields) (0.001) (0.011) (0.006) (0.880)

* P < .05; ** P < .01; *** P < ,001; the specific P values are given in parentheses.

tween field age and the significance of the relationship
between SR and nitrogen.

Field SR (the total number of species found in all
quadrats in a field) was positively correlated with field
age (Table 3e, Fig. 3). (This analysis included fields 22
and 29, for which N = 150. Similar results were ob-
tained when those two fields were omitted.) There was
no correlation-between field SR and field size. With

age controlled for, there was no correlation between
field SR and average field nitrogen (Table 3e). With
average nitrogen concentration controlled for, field SR
was positively correlated with field age. Field SR was
marginally correlated with range in nitrogen concen-
tration in a field when average nitrogen was held con-
stant (r = 0.38, N = 22, P = .09). Field SR was not
significantly correlated with range in nitrogen concen-
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F16. 1. Percent cover of vascular and nonvascular plants, plotted against field age and average field nitrogen. Each point

represents the average cover for all quadrats in a single field. Average field nitrogen is the average nitrogen concentration of

all quadrats in a single field. Lines drawn in this and similar figures represent linear regressions calculated using untransformed
data for percent cover. Correlation coefficients and P values are for data transformed as described in Methods: Analyses.
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tration when field age and average nitrogen were held
constant (r = 0.20, N = 22, P = .40).

Average Jaccard index value per field was negatively
correlated with field age and with average nitrogen con-
centration (Table 3f, Fig. 4), indicating that there was
less plot-to-plot variation in species composition in
younger fields than in older fields. With age controlled
for, there was no correlation between average Jaccard
index value and average nitrogen concentration; with
average nitrogen controlled for, the average Jaccard
index value was negatively correlated with age (Table
3f) and with range in field nitrogen concentration (r =
—-0.46, P = .03).

Jaccard indices calculated by comparing speciés lists
for all possible pairs of fields were negatively correlated
with the difference in age of the two fields (Fig. 4). This
indicates that there was a significan1 change in species
composition as fields aged. These Jaccard indices were
also negatively correlated with the difference in average
nitrogen concentration for the two fields (r = —0.27,
P < .001).

Plant species composition berween fields

Cover of annual plants decreased and cover of pe-
rennial plants increased with field age and with average
field nitrogen concentration (Table 5, Fig. 5). Annual
cover was negatively correlated with age when soil ni-
trogen was controlled. Partial correlations of perennial
cover with field age and with soil nitrogen were sig-

0 ¥ T 1 1) 1
300 400 500 600 700 800 900
Average Field Nitrogen (mg/kg)

Percent cover of bare ground and litter, plotted against field age and average field nitrogen concentration.

nificantly positive. Biennial plants were much less
common than annuals or perennials; cover of this group
was not significantly correlated with either field age
(r=0.16, P = .49) or soil nitrogen (r = ~0.08, P =
.73).

Cover of grasses was positively correlated with field
age and average soil nitrogen concentration, while cov-
er of forbs was negatively correlated with field age (Ta-
ble 5, Fig. 6). Within these two groups, however, life
history was correlated with field age and soil nitrogen.
Both annual grasses and annual forbs were negatively

TasLE 4. Correlation coefficients of average biomass with
field age and average soil nitrogen concentration in 19 fields.
Average soil nitrogen data are from 1983. Biomass samples
were taken in 1984. N = 19.

Simple correlation coefficients

With soil

Biomass With age nitrogen
Standing crop 0.35 0.49*
(grasses + forbs) (0.069) 0.017)
Grasses 0.35 0.47*
(0.074) (0.021)

Forbs 0.10 0.15

(0.338) (0.266)

Litter 0.36* 0.64>*
(0.050) (0.001)

*P < 05;* P < .01: *** P < ,001; the specific P values

are given in parentheses.
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Field Species Richness
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Fic. 3. Number of species found in each field, plotted against field age and average field nitrogen concentration.

correlated with field age, and annual forbs were neg-
atively correlated with soil nitrogen. Both perennial
grasses and perennial forbs were postively correlated
with field age and soil nitrogen (Table 5). Partial cor-
relations of grasses and forbs with field age and soil
nitrogen were not significant.

Sedges and woody plants were less common than
grasses and forbs. Both groups increased in abundance
with field age and soil nitrogen (Table 5). However,
even in the oldest fields woody species contributed
< 15% cover (Fig. 7). Cover of woody species was pos-
itively correlated with field age when soil nitrogen con-
centration was controlled for. . '

Because soil nitrogen is a limiting nutrient in these
old fields, we suspected that plant species able 10 fix
atmospheric nitrogen might be at an advantage over
species lacking that ability. Cover.of legumes did not
exceed 6% in any field, and cover of legumes was not
significantly correlated with field age (r = 0.21, P =
.35) or with soil nitrogen (r = 0.03, P = .90).

Simple correlations showed that cover of introduced
species decreased with field age and with soil nitrogen,
cover of native species increased with nitrogen but was
not dependent on age, and cover of true prairie species
increased with age and nitrogen (Table 6, Fig. 8). Partial
correlation coefficients of cover of each of these three

90-1
804
70+
60+
50+
40+
304

20 T T 1
0 20 40 60

r=-.70, p<.001

Average Within-field J.I.

Field Age (years)

_Jaccard Index

groups with age and with nitrogen showed some dis-
tinct differences. For introduced and for true prairie
species, cover was significantly correlated with field age
when nitrogen was controlled for; however, for none
of the three groups was cover significantly correlated
with nitrogen when age was controlled for (Table 6).
When these three groups were further broken down
into annual and perennial grasses and forbs, the only
significant correlations for subsets of introduced species

were negative, and age was generally a better predictor’

of cover than was soil nitrogen (Table 6),

Of native species, only for annual forbs was cover
significantly negatively correlated with soil nitrogen
and with field age. For perennial forbs and for annual
grasses, cover was significantly positively correlated
with nitrogen and with age. Annual forbs was the only
subset of this group that showed a significant partial
correlation; cover of annual forbs was negatively cor-
related with age when nitrogen was controlled for.

Of true prairie species, simple correlations showed
that cover of annuals (both grasses and forbs) was neg-
atively correlated with soil nitrogen, while cover of
perennials was positively correlated with nitrogen and
with field age. Partial correlations gave similar results.
Annual species in this group were negatively correlated
with nitrogen when age was controlied for, and peren-

"~

90~
=-.43, p<.001

Between-field J.l.

Difierence in Field Age {years)

Fic. 4. (a) Average Jaccard index. plotied against field age. Average Jaccard index is the average of the indices calculated
by comparing all pairs of quadrats within a given field. (b) Jaccard index, plotted against difference in field dge. Here points
represent indices calculated by comparing all pairs of fields; these are plotied against the difference in age of the two fields.

-
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TABLE 5. Correlation coefficients of transformed average percent cover of various plant groups with ficld age and average
soil nitrogen concentration in 22 fields. These groups include all vascular plants, regardless of growth form or historical

origin. N = 22,

Simple correlation coefficients

Partial correlation coefficients

Mean % cover

With age With nitrogen With age With nitrogen
Annuals —0.74%** ~0.63** -0.55%* -0.28
(0.001) (0.002) (0.011) (0.218)
Perennials 0.77%%* 0.76** 0.55%* 0.52*
(0.001) (0.001) (0.009) (0.015)
Grasses 0.46* 0.47* 0.23 0.24
(0.031) (0.028) (0.323) (0.289)
Forbs -0.37 -0.22 —-0.31 0.04
(0.087) (0.317) (0.174) (0.877)
Sedges 0.58** 0.44* 0.42 0.10
(0.005) (0.039) (0.058) (0.678)
Woody plants 0.77*%* Q.57 0.64** 0.12
(0.001) (0.006) (0.002) (0.630)
Annual grasses —0.52*> -0.29 -0.46* 0.09
(0.013) (0.196) (0.037) (0.690)
Perennial grasses 0.53* 0.48* 0.31 0.21
(0.012) (0.024) (0.166) (0.372)
Annual forbs —0.74*** —0.68%** -0.52* ~0.37
(0.001) (0.001) (0.016) (0.099)
Perennial forbs 0.49* 0.56** 0.19 0.36
(0.021) (0.007) {0.406) (0.115)
*p < 05 ** P < .01; *** P < ,001; the specific P values are given in parentheses.
Annual Plants
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FIG. 5. Percent cover of annual plants and perennial vascular plants, plotied against field age and average field nitrogen

concentration.
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TABLE 6. Correlation coefficients of transformed average percent cover with field age and soil nitrogen concentration for

groups of different historical origin. N = 22,

Simple correlation coefficients

Partial correlation coefficients

Mean % cover With age With nitrogen With age With nitrogen

Introduced species —~0,72%** ~0.56** —0.56** -0.16
(0.001) (0.006) (0.008) (0.490)

Annual forbs —0,72%%> —0.65%** -0.51* ~0.33
(0.001) (0.001) (0.019) 0.141)

Perennial forbs -0.39 —-0.18 —0.38 0.12
(0.071) (0.431) (0.094) (0.593)

Annual grasses —-0.44* 0.14 —0.48* 0.23
(0.039) (0.537) (0.029) (0.307)

Perennial grasses —0.48* 0.38 -0.33 -0.09
(0.025) (0.082) (0.149) (0.690)

Native species

Not true prairie 0.12 0.35 -0.16 0.37
(0.599) 0.111) (0.478) (0.103)

Annua)l forbs —0.67%** -0.51* —-0.52* -0.11
(0.001) (0.016) 0.017) (0.636)

Perennial forbs 0.44* 0.47* 0.19 0.26
(0.041) (0.028) (0.398) (0.255)

Annual grasses 0.45* 0.50"* 0.18 0.30
(0.029) (0.013) (0.375) (0.169)

Perennial grasses -0.06 0.24 -~0.14 0.27
(0.802) (0.280) (0.535) (0.231)

True prairie 0.64** 0.39 0.55** -0.06
(0.002) (0.072) (0.011) (0.809)
Annual forbs -0.19 —0.55** 0.29 —0.58**
(0.407) (0.008) (0.206) (0.006)

Perennial forbs 0.66*** 0.63** 0.42 0.34
(0.001) (0.002) (0.060) 0.127)
Annual grasses -0.34 —0.64*** 0.14 -0.58**
(0.112) (0.001) (0.568) (0.006)

Perennial grasses 0.50* 0.15 0.54** -0.28
(0.017) (0.498) 0.011) (0.214)

* P < 05; ** P < .01; *** P < .001; the specific P values are given in parentheses.

nial species were positively correlated with age when
nitrogen was controlled for.

Plant composition and nitrogen within fields

We also examined correlations between plant groups
and soil nitrogen within each field. For all groups there
were significant correlations in some fields and not in
others. In many instances this was because particular
plant groups were rare or absent in some fields. Cover
of perennial vascular plants, for example, was highly
positively correlated with soil nitrogen within 13 of 14
fields > 25 yr old. but there were significant correlations
in only 4 of 9 fields <25 yr old.

Particularly interesting are the variables for which
the relationship between cover and soil nitrogen within
fields was qualitatively different from that observed
between fields. Annual forb cover, which was nega-
tively correlated with nitrogen over all fields (Table 5),
was significantly correlated with nitrogen in 8 of 12
fields <27 yr old. In 5 of these fields, annual forb cover
was positively correlated with nitrogen. Annual forb
cover was negatively correlated with nitrogen in all

fields >30 yr old for which cover and nitrogen were
significantly correlated (Table 2).

In a simple regression using all fields together, per-
cent cover of introduced species was negatively cor-
related with nitrogen (Table 6). In 10 of 12 fields in
which there were significant correlations, however,
cover of introduced species was positively correlated
with soil nitrogen (Table 2). Intercepts of these regres-
sions were increasingly negative in older fields, reflect-
ing the decrease in absolute cover of these species with
increasing field age.

True prairie species showed the reverse pattern of
that for introduced species, In a simple regression using
all fields together, cover of true prairie species was
marginally positively correlated with nitrogen (Table
6). However, in 9 of 13 fields in which there were
significant correlations, these species were negatively
correlated with nitrogen (Table 2). True prairie peren-
nial grasses were largely responsible for this pattern.
This group was negatively correlated with soil nitrogen
in 12 of 15 fields that had significant correlations be-
tween cover and soil nitrogen.
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DISCUSSION
Soils

While soil nitrogen levels ip newly abandoned fields
are typically low (Rice et al. 1960), succession at Cedar
Creek may be more nitrogen limited than is usual.
Average nitrogen concentration values in Cedar Creek
fields ranged from =350 to 870 mg/kg dry soil. values
that are up to an order of magnitude lower than those
reported for other abandoned agricultural systems
(e.g., Aarssen and Turkington 1985). The rate of in-
crease that we observed in average soil nitrogen,
=7 mg-kg~'- yr-, is quite close to measured rates of
atmospheric nitrogen input, assuming atmospheric ni-
trogen remains in the upper 10 cm of soil.

We suspect that the low levels of nitrogen, and the
resulting low productivity, are at least partly respon-
sible for the relatively slow rate of succession at Cedar
Creek. One measure of the slow rate of succession at
Cedar Creek is the high abundance of annual plants in
moderately old fields, such as the 10-25% cover by
annuals in 22-yr-old fields. Although abandoned fields
in many parts of the eastern and central United States
develop a woody canopy of shrubs or trees relatively
quickly (e.g., Beckwith 1954, Thompson 1954, Quar-
terman 1957, Levin 1966, Peet and Christensen 1980),
woody plants were rare even in our oldest fields. The
increased importance of true prairie species in older
fields suggests that, in the absence of a woody canopy,
vegetation in these fields is becoming similar to that
found in tall grass prairie.

In contrast to several other studies of succession (e.g.,
Crocker and Major 1955, Christensen and Peet 1984),
we did not find a strong correlation between soil pH
and field age. Correlations between pH and soil nitro-
gen within individual fields were also variable, and in
general pH was not as good a predictor of cover of the
various plant groups as was soil nitrogen. Nitrogen,
however, did change significantly with field age. and
was significantly correlated with abundance of many
plant groups. Total aboveground plant biomass in-
creased significantly with total soil nitrogen in these
fields, and the proportion of incident light penetrating
to the soil surface decreased significantly with increased
plant biomass. Thus, this chronosequence represents
a gradient in resource availability as well as a gradient
in tme. Young fields have low soil nitrogen, low plant
biomass, and high light availability, whereas older fields
have high soil nitrogen, high plant biomass, and low
penetration of light 1o the soil surface. If nitrogen and
light are limiting resources in these fields, the resource
ratio hypothesis of succession predicts that species
should be separated along this nitrogen : light gradient
in an order determined by their requirements for ni-
trogen and light (Tilman 1985). Tilman (1986) re-
ported that, for nine Cedar Creek species, there was a
significant rank order correlation between the order of
occurrence of the species during succession and its abii-
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ity to grow at low soil nitrogen levels. Early succes-
sional species grew significantly more rapidly at low
nitrogen levels.

Species richness

Species composition changed significantly with field
age (Fig. 4). In a comparison of all pairs of fields, the
similarity between fields decreased as the difference in
field age increased. This suggests that there is a con-
tinuous process of species replacement and change dur-
ing secondary succession at Cedar Creek. Although av-
erage species richness per quadrat in a field was
essentially independent of field age, SR was negatively
correlated with soil nitrogen concentration when quad-
rats in all fields were analyzed as a group. This tendency
for quadrats to be less species rich in areas with richer
soils is consistent with conclusions of many other re-
ports (e.g., Beadle 1966, Dix and Smeins 1967, Whit-
taker and Niering 1975, Huston 1979, Tilman 1982).
A similar pattern was observed within individual fields.
Of 15 fields with significant correlations between soil

nitrogen and quadrat species richness, 13 correlations '

were negative. We did find weak but significant positive
relationships between SR and nitrogen in two fields of
intermediate age; however, no apparent characteristics
of these two fields suggested why they should have a
different pattern. Nitrogen fertilization in four Cedar
Creek fields has shown significant (P < .01) decreases
in species richness with increasing nitrogen availability
(Tilman 1987). After 4 yr of nitrogen fertilization, > 50%
of the species initially present were displaced from the
highest nitrogen plots, on average. Such decreases in
species richness with increasing resource availability
are consistent with predictions of resource competition
theory (Tilman 1982).

Species richness per field increased significantly with
field age. Two factors contribute to SR at the field level:
SR within quadrats, which did not change with field
age, and variability in species composition among
quadrats. The average within-field Jaccard index value,
the result of making all pairwise comparisons of quad-
rats within each field, decreased significantly with field
age (Fig. 4), indicating that variability arong quadrats
was greater in older fields. The increase in field SR with
field age, then, was largely due to an inicrease in the
between-quadrat heterogeneity in older fields.

Resource-based models of community structure pre-
dict that species richness should be higher in fields with
a greater range in resource availability (e.g., Tilman
1982). Our older fields, where between-guadrat simi-
larity was lowest and total field speciesgfichness was
highest, also had the highest average soilnitrogen con-
centration and the greatest range in soil nitrogen. There
was not, however, a significant correlation between field
SR and range in nitrogen when age and average nitro-
gen were held constant through partial correlation anal-
ysis. While simple linear regression showed total field
SR 1o increase with nitrogen, apparem]y‘_comradicting



February 1987

OLD-FIELD SUCCESSION ON A SAND PLAIN

23

Introduced Species

601

A r=-.72, p<.001
40-

Cover

Percent

60-1

. f=-56, D=.006
404

204

[

Field Age (years)

60

0 T .. i T ¥ 1
300 460 500 600 700 800 900

Average Field Nitrogen (mg/kg)

Native (NTP) Species

60-‘ 60-‘
s =12, p=.599 .35, p.111
S 404 40
< » . * [
S 20- . . . 204 . .
© . e L. e s " .
o

O-L;.l.. l. : I. l. .I 1} 0 ..7-. I‘.‘ 1 .I. > ) 1

0 10 20 30 40 50 60 300 400 500 600 700 800 900
Field Age (years) Average Field Nilrogen (mg/kg)
True Prairie Specles

60 60
5 -‘ * 39, p=.072 *
s r=.64,p=.002 =39, p=. .
S 404 - 40
-— ® o [ ]
g ]
0 20- . 20-
4 e e e

L ]
0 T l: T > T 1 1 0 T - T ~ T ° T T 1
0 10 20 30 40 50 60 300 400 500 600 700 800 900

Field Age (years)

Average Field Nitrogen (mg/kg)

Fic. 8. Percent cover of introduced species, native species (bui not true prairie species), and true prairie species, plotted

agamnst field age and average field nitrogen concentration.

the data for quadrat species richness, the correlation
between total field SR and nitrogen disappeared when
field age was held constant (Table 2). The monotonic
increase in field species richness with succession sug-
o2sts that early successional species are not often dis-
slaced from older fields, perhaps because of gopher
Jisturbances and localized patches of nitrogen-poor,
Ligh-light soils. Even in the most nitrogen-rich field
tfield 72) there were patches that were almost as nitro-
gen poor as the average for the most nitrogen-poor field
iTable 1). Interestingly, Aarssen and Turkington (1985)
also reported that the same species present in their
~-oungest field were still present in their oldest field.
We do not think that the increase in field SR with

field age can be explained by different rates of distur-
bance in fields of different ages (see Armesto and Pick-
ett 1985, Loucks et al. 1985). Gophers are the most
common source of disturbance in these fields, and go-
pher mound density decreased with field age (mounds
were counted at the same time we sampled vegetation;
Inouye et al. 1987). It is important to note, however,
that even though the density of mounds decreased with
field age, the impact of individual mounds is likely to
be greater in older fields, where vegetative cover is
greater and light penetration is Jower.

Increases in SR have been reported during early
succession in a number of studies (e.g.. Lakela 1939,
Nicholson and Monk 1974, Bazzaz 1975: but see Tra-
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mer 1975). The range in species richess in our fields
(22-68, for fields 1-49 yr old) is similar to that reported
by Bazzaz (1975; 31-77, for fields 1-40 yr old). While
Bazzaz attributed the high diversity in his oldest field
1o the addition of shrub and tree layers, our fields lack
any significant shrub or tree layer. The increase in
species richness in our older felds is largely due to the
addition of species native to tallgrass prairie, a diverse
ecosystem that lacked significant shrub or tree cano-
pies.

It has been argued theoretically (Horn 1974) and
demonstrated empirically (e.g., Shafi and Yarranton
1973 and references therein) that diversity is highest
at some intermediate stage of succession. Our data do
not show any trend towards decreasing species richness
in the oldest fields. Indeed, species richness in fire-
maintained oak savannah, the vegetation on these soils
before agriculture, is even greater than that in our most
species-rich old field (White 1983). Species richness
does decline where oak savannah is not burned. In such
areas a pronounced shrub layer develops, and a large
component of the herbacéous vegetation present in
burned areas is lost (White 1983). It may be, then, that
given enough time, and in the of absence of fire, we
would see a decline in species richness in Cedar Creek
fields. '

Perhaps the difference between our species richness
patterns and those reported in several other studies of
secondary succession are related to differences in the
dynamics of plant invasion. growth. and extinction.
Our study suggests that the level of soil nitrogen has a
major impact on the successional sequence at Cedar
Creek. Because our newly abandoned fields are, on
average, very nitrogen poor, and because nitrogen levels
change slowly, it is likely that many early successional
species have been competitively displaced by mid-
successional species before the late successional species
can successfully invade the community. If that is so,
the species richness we observe may more closely re-
flect the limits set, at equilibrium, by competition and
herbivory. In contrast, secondary succession on nitro-
gen-rich soils is much more rapid. Late successional
species often grow rapidly in such habitats following
disturbance, and eventually displace both early and
mid-successional species (Tilman 1985). Where nu-
trients are not limiting in the first stages of succession,
and hence all species are able to grow initially, species
richness may reflect colonization differences initially,
and competitive displacement after colonization 1s
complete.

Patterns among and within fields

For some plant groups. the relationship between cov-
er and nitrogen changed with field age. Such changes
suggest that different factors may be important in lim-
iting these groups at different successional stages. An-
nual forb cover, for example, was positively correlated
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with soil nitrogen in younger fields and negatively cor-
related with soil nitrogen in older fields. Greenhouse
trials (Tilman 1986) and field fertilization experiments
indicate that these species are nitrogen limited at levels
of soil nitrogen typical of young fields. In young fields,
then, annual forbs are likely to be most abundant where
soil nitrogen is greatest. However, as fields age and
total vegetative cover increases, these species are more
likely to be limited by light, due to shade cast by taller
perennial species. Under these conditions annual forbs
are most likely 1o be found on the higher-light, more
nitrogen-poor soils and in association with other high-
light areas, such as gopher mounds (Tilman 1983).

Nonvascular plants, too, may have been limited by
different factors in voung and old fields. Cover of this
group was highest in intermediate-aged fields. In young
fields, slow rates of establishment and growth may limir
nonvascular plants, while in older fields, where cover
of vascular plants is much higher, competition for light
may be most limiting. The observations that soil ni-
trogen was negatively correlated with cover of non-
vascular plants and positively correlated with cover of
vascular plants are consistent with the suggestion that
the shorter nonvascular species are restricted to poor
soils by the taller vascular species (Tilman 1985).

Several groups showed quite different patterns of
abundance when data for individual fields were con-
trasted with data for all fields combined. The most
striking of these were introduced species, true prairie
species, and true prairie perennial grasses.

These differences in within-field and between-field
patterns are Jess surprising when the partial correla-
tions between cover and soil nitrogen are compared
with simple linear correlations. Cover of introduced
species decreased with soil nitrogen among all fields,
yet within 10 of the 12 fields for which there were
significant within-field correlations, cover of this group
increased with nitrogen (Table 2). Introduced species,
then, showed an overall decrease in abundance with
increasing field age, while they remained most com-
mon within each field on those quadrats where soil
nitrogen was highest. The reverse was true for true
prairie species. These species were more abundant in
older fields and in fields with higher average soil ni-
trogen. Within 9 of the 13 fields for which there were
significant within-field correlations, however, cover of
these species was negatively correlated with nitrogen
(Table 2). e

There are two likely, non-exclusive causes of these
patterns. First, most introduced species are agricultural
weeds, are often annual, and tend to have greater max-
imal relative growth rates as seedlings than native, pe-
rennial species (see Grime and Hunt 1975, Tilman
1986). In young fields, which have not yet reached a
competitive equilibriumn determined by their resource
availabilities. differences in maxaimal growth rates may
be the main determinant of plant abundances (Tilman
1985). Because growth rate differences would be great-
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est on the richest soils, in young fields species with
greater maximal growth rates would initially dominate
the richest sites. However, as these species were com-
petitively displaced by species that were superior com-
petitors for low-light but nitrogen-rich habitats, the
introduced species would become negatively correlated
with nitrogen within a field.

A second possible cause is disturbance caused by
gophers. Gopher disturbance tends to decrease with
the successional age of fields at Cedar Creek. Because
gopher activity, within a field, is greater in more pro-
ductive areas (Tilman 1983, Reichman and Smith
1985), fast-growing short-lived plants, which dominate
gopher mounds, may be more common on richer soils
in young fields, which have high gopher activity.

It is less clear why cover of introduced species de-
creased with increasing field age and soil nitrogen. Rice
et al. (1960) found that an early successional species
had the greatest growth rate on rich soils, a middle
successional species was next, and a late successional
species had the lowest growth rate on rich soils. Tilman
(1986) found a similar pattern using nine Cedar Creek
species. Growth rates of early species, including an
introduced species, were generally higher than those of
late species across the entire range of soil nitrogen con-
centration values tested (roughly 50-900 mg/kg). There
was no indication that growth rates of these nine species
leveled off at the highest nitrogen values, nor were
maximum growth rates of late successional, native
species higher than those of early species. Nitrogen-
dependent growth rates alone, then, do not predict the
replacement of early successional species by late
successional species (Tilman 1986).

It is clear from our data, however, that true prairie
species did increase in abundance with soil nitrogen
and field age, and that introduced species showed a
corresponding decline. In all likelihood a second re-
source axis plays an important role in determining the
abundance of these species. Competition for light is
likely to increase as total cover and biomass increase
(Harper 1977, Tilman 1982, 1985, 1986). Light com-
petition may be particularly important at the estab-
lishment stage. Under such conditions, perennial plants,
particularly perennials that form a dense sward (e.g.,

many perennial grasses), can be at a distinct advantage )

relative 10 annual species that must establish from seed
every year. Perennials, which can use energy stored in
previous years, can rapidly overiop annual plants in
the spring (Harper 1977).

Herbivory is another factor that may influence the
replacement of species that are common in the younger
fields (e.g., Lubchenko 1983, McBrien et al. 1983). If
herbivores feed selectively on introduced weedy plants
they could reduce growth rates of these species and
allow less preferred species to establish and grow. Al-
ternatively, selective feeding by herbivores in patches
with richer soils may slow the rate of plant species
replacement by maintaining conditions favorable for
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early successional species. Gophers in particular may
have this effect. We have observed increased gopher
mound production on plots experimentally enriched
with nitrogen in several fields (Tilman 1983). Gopher
mounds provide bare ground and a high-light envi-
ronment that is typically exploited by weedy intro-
duced species.

Differences between among-field and within-field
correlations of species richness or abundance of several
plant groups with soil nitrogen can be interpreted as
representing differences in long-term vs. short-term
vegetational dynamics. Between-field patterns may
represent relatively long-term successional dynamics
that are more closely representative ofequilibrium pro-
cesses, particularly at Cedar Creek, where successional
changes take place relatively slowly. Within-field pat-
terns, especially in young fields, may be more repre-
sentative of short-term dynamics of plant-plant inter-
actions, such as differences in short-term growth rates.

Nitrogen vs. time as predictors

Neither nitrogen nor time proved tobe a consistently
better predictor of the variables we examined. There
were, however, some general patterns that are sugges-
tive of the ways that these two factors influence succes-
sional changes at Cedar Creek. For vascular plants, for
nonvascular plants, and for litter, cover was better cor-
related with nitrogen than with time. This is consistent
with results of fertilization experiments that showed
nitrogen to be the primary limiting soil nutrient at
Cedar Creek, and suggests that productivity is nitrogen
limited under more natural conditions as well. Local
species richness (number of species per 0.5-m? quadrat)
was better correlated with soil nitrogen than with field
age. This suggests that resource availability plays an
important role in determining local species composi-
tion as well as abundance (Tilman 1982). Field species
richness, however, was better correlated with field age.
Time, acting through differences in dispersal and col-
onization rates, may thus play an important role in
determining which species are present in particular
fields, while resource-based interactions determine
which species are found in particular places within fields.
Thus, our work suggests that the paitern of secondary
succession on a Minnesota sand plain results both from
dispersal and other time-dependent processes and from
changes in the availability of a major limiting soil re-
source, nitrogen,
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